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How to Determine Impurities 
Electroplating Solutions 


Of all methods for determining minute impurities in 
plating baths, the most practical is the colorimetric. 
The principle utilized is simple: color intensity, due to 
presence of a colored constituent, is directly propor- 
tional to the concentration of that constituent. 


USE OF THE COLORIMETRIC METHOD 


This method requires the measuring of light transmitted 
by solutions. 


Intensity of the transmitted light is measured by photo- 
electric means to attain a high degree of accuracy. No 
two solutions of different character will have transmit- 
tancy curves of exactly the same shape, hence, a solu- 
tion under test is usually compared to a reference solu- 
tion free of impurities. Calibration curves plotted from 
a series of runs facilitate determinations. Summaries of 
techniques used to determine four different impurities 
follow: 


LEAD IN NICKEL PLATING BATHS 


Lead is separated from interfering ions by extraction 
with a carbon tetrachloride solution of dithizone in the 
presence of potassium cyanide. After removal of the 
excess dithizone with alkaline potassium cyanide, the 
transmittancy of the solution is measured and the quan- 
tity of lead present determined from a calibration curve. 


IRON IN NICKEL PLATING BATHS 


Iron is separated from the other metallic ions by precipi- 
tation with cupferron. The iron cupferride is extracted 
with amyl acetate and then returned to the aqueous 
solution by shaking the amy] acetate extract with nitric 
acid. The iron is then reduced with hydroxylamine 
hydrochloride. O-phenanthroline is added, and the pH 
is adjusted with sodium acetate. Finally, the light trans- 
mission of the ferrous o-phenanthroline complex is 
measured. 


THE INTERNATIONAL NICKEL COMPANY, IN 


MANGANESE IN NICKEL PLATING BATHS 


The manganese is oxidized to permanganate by sodium 
periodate in an acid mixture of phosphoric and per- 
chloric acids. The transmission of the solution is then 
measured. 


COPPER IN NICKEL PLATING BATHS 


Copper is isolated from the other constituents in the 
plating bath by precipitation with 2-mercaptobenzo- 
thiazole and extraction of the precipitate with amyl 
acetate. The color is then developed by addition of 
dibutyl amine and carbon disulfide. After the solution 
has been diluted with ethyl alcohol, its transmittancy 
is measured. 


A.E.S. RESEARCH PROGRAM 


The American Electroplaters’ Society is conducting a 
comprehensive research program and has developed use- 
ful information on current plating problems. Interna- 
tional Nickel, in addition to its other support of this 
program, feels that it will be a further service to make 
copies of these A.E.S. Research Reports available. 


For an authoritative, detailed, 48-page study of this 
subject, we offer you a free copy of the A.E.S. Research 
Report, Serial No. 3, entitled “Determination of Im- 
purities in Electroplating Solutions.” Write us for your 


copy, now. 


Because of unusually heavy industrial and defense demand, ra- 
tioning of nickel has been in force since July 1st. On January 1, 
1951, National Production Authority Order M-14, respecting 
the consumption of primary nickel, went into effect. 

We shall continue to issue information on new develop- 
ments and user experience with nickel-containing materials as 
we believe that dissemination of 
such data can help to promote YN 
the intelligent utilization of of 
critical materials, so essential in 
these times. 


67 WALL STREET 
» NEW YORK 5, N.Y. 
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Editorial 


The Electric Eel 


M ICHAEL FARADAY’S curiosity was far-reaching, and his 
intuitive sense of scientific order amazing, even in light of knowledge today. 
One of his interesting series of experiments concerned the gymnotus or electric 
eel found in small fresh-water rivers which flow into the Atlantic Ocean at Ven- 
ezuela and the Guianas. They may measure 2} to 4 feet in length, and have 
the unique method of catching other fish by stunning them with a high voltage 
discharge through the water. Faraday was interested in the origin of electricity, 
whatever its source, which stimulated his curiosity about the electric eel. ‘“The 
existence of animals,” he said, ‘‘able to give the same concussion to the living 
system as the electrical machine, the voltaic battery, and the thunderstorm,— 
it became of growing importance to identify the living power which they pos- 
sess, with that which man can call into action from inert matter, and by him 
called electricity.” 

Faraday obtained a specimen of gymnotus from a Mr. Porter who had brought 
it to England from South America in August of 1838. He found that electric 
shocks from the eel were powerful when the “hands were placed in a favorable 
position, i.e., one on the body near the head and the other near the tail.’’ The 
nearer the hands were together, the less powerful was the shock. Using copper 
leads instead, Faraday noticed that a galvanometer was much affected—much 
more, for example, than from a cell made by placing zine and platinum elec- 
trodes above and below the tongue. The deflection was always in the same di- 
rection; in other words, the gymnotus was a source of intermittent direct current 
with positive pole near the head and negative pole near the tail. By sending the 
eel’s impulse through 22 feet of silk-covered wire in the form of a solenoid, he 
found that a steel needle placed within the solenoid became magnetic. A similar 
impulse, furthermore, was used successfully to electrolyze a potassium iodide 
solution soaked in paper. Faraday looked for a heating effect by the piscatorial 
electricity, but of this he was not sure. However, the impulse could be made to 
produce an electric spark when one of the copper conductors was rubbed over a 
steel file connected to the other conductor. There seemed to be no doubt but 
that the gymnotus was a source of bona fide electricity. 

Faraday, perennially with an eye to the quantitative, estimated before the 

(Continued on next page) 
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Editorial (continued) 


days of the voltmeter that the shock he received from his obliging eel was like 
that of a “good voltaic battery of perhaps 100 or more pairs of plates of which 
the circuit is completed for a moment only.”’ From this we might infer that the 
eel could deal at least 150 volts. In addition, the eel could supply repeated— 
two or three—shocks within a short interval of time, but, if excited too often, 
it became fatigued and the shocks diminished. Peculiar it was that despite the 
strong electric impulse sufficient to stun a small fish, the eel itself was apparently 
so adapted as to be unaffected by the same or even greater impulse that simul- 
taneously traveled through its body. Also apparent, Faraday said, was that the 
eel knew when his victim had the proper conductivity permitting shock. For 
example, the hands in contact with or near the eel received repeated shocks, 
but a glass rod or the galvanometer circuit received one or two impulses and 
was thereafter ignored. 

Faraday suggested that the gymnotus produced electricity by a mechanism 
probably related to the conversion of nervous energy into electricity. For did 
not an electric shock produce a nervous stimulus? The reverse might also be 
true. Faraday thought of proving this by sending a current through the body 
of a fatigued gymnotus in the opposite direction and thereby restoring the elec- 
trical capacities of the eel. He also suggested investigating whether the current 
generated by one side of the gymnotus put into action the electricity-producing 
organs on the other side. Would the response be the same if the nerves to the 
organs were first cut? These are some of the experiments Faraday suggested and 
wanted to do. However, other matters were more pressing, and so the mystery 
of the electric eel remains, waiting for still other experimenters of more-than- 
usual curiosity to unravel the answers. 

Add the gymnotus to a long list of challenges awaiting young men about to 
enter the field of electrochemistry. 
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Measurement of and Effect of Temperature on Electrical 


Resistance of Glass Electrodes’ 


L. EckreLtpt AND GrorGE A. PERLEY 


Leéds & Northrup Company, Philadelphia, Pennsylvania 


ABSTRACT 


The apparent irregularities observed in measuring the electrical resistance of glass 
electrodes, as reported in the literature, are explained by the dielectric properties of 
glass. The use of d.c. is recommended, and the need for caution in the use of a.c. is in- 
dicated. An experimental technique is described which hastens the measurement with 
d.c. when dielectric absorption is bothersome. An experimental study is reported deal- 
ing with the effect of temperature on the resistance of glass electrodes, including ones 
of Corning 015 glass and others made from three newer pH-responsive glasses. The ex- 
perimental results do not agree with previously employed equations. The Rasch and 
Hinrichsen relationship, log R = B/T + A, in which the logarithm of the resistance 
varies linearly with the reciprocal of the absolute temperature, is preferred. A nomo- 
graph is given for the glasses studied. The temperature-resistance behavior of Corning 
015 glass is mathematically the same for membranes immersed in solution and for the 


dry glass at elevated temperatures. 


INTRODUCTION 


The electrical resistance of the pH-responsive glass 
membrane is an important property of a glass elec- 
trode, since for any particular type of measuring 
equipment there is an upper limit of resistance be- 
yond which errors of measurement become signifi- 
cant. 

Glass electrodes have peculiar properties that pre- 
sent problems in resistance measurements. The lit- 
erature on this subject consequently reflects some 
perplexity and lack of agreement on methods and 
results, and the practical and theoretical usefulness 
of the existing information on resistance has been 
limited. Various d-c methods of measuring the re- 
sistance have been reported and appear to give 
concordant results (4, 5, 6, 8, 11, 16). Reported a-c 
resistances are much lower than the corresponding 
values with d.c., and the a-c values vary with fre- 
quency (2, 12, 15). The differences between d-c and 
a-c values have been attributed to errors of “polari- 
zation’’ presumed to be present in the d-c measure- 
ments (12, 15). The first part of this paper discusses 
the significances of d-e and a-c resistances, shows 
why the two methods give different values, and jus- 
tifies and recommends the use of d.c. for glass elec- 
trodes. 

The question of the temperature-resistance rela- 
tionship is also considered. Reported relationships of 
immersed glass electrodes, including those of Corn- 
ing 015 glass, are all of the general form 


log R = A + Bt (1) 
' Manuscript received January 27, 1949. This paper pre- 


pared for delivery before the Philadelphia Meeting, May 
4 to 7, 1949. 


in which R is the resistance, A and B are constants, 
and fis the temperature (2, 3, 22). The resistance of 
glass not immersed in solutions has been expressed 
very often by a different general equation, originally 
given by Rasch and Hinrichsen (20), namely 


log R = A + B/T. (II) 
T is the absolute temperature, and the other symbols 
are the same as in equation (I). Corning 015 glass at 
elevated temperatures and not in contact with solu- 
tion follows this second equation (25). The question 
arises as to whether Corning 015 glass changes its 
temperature-resistance relationship when in contact 
with aqueous solutions. The latter portion of this 
paper describes an experimental study in which the 
second equation is found valid for all glass electrodes 
studied, including Corning 015 glass. 


SIGNIFICANCES OF D-C AND A-C RESISTANCES? 


It is accepted practice to define resistance as that 
“property of an electric circuit or of any body that 
may be used as part of an electric circuit which de- 
termines for a given current the rate at which electric 
energy is converted into heat or radiant energy, and 
which has a value such that the product of the re- 
sistance and the square of the current gives the rate 
of conversion of energy’’ (1). This definition does not 
seem feasible to use with glass electrodes, since the 
amount of heat generated with the necessarily low 
currents is vanishingly small. This definition is use- 
ful, nevertheless, in explaining the influence of a 
loss-producing phenomenon on the electrical resist- 
ance of a material. 


2 The following indicate general references for the mate- 
rial of this section: (14), (18), (26). 
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Ohm’s law gives a convenient way of measuring 
resistance, but it may not be applied to all circuits. 
It may be used, however, when a constant voltage 
results in an unvarying current in the substance 
being measured. The voltage, £, used in the calcula- 
tion must not include electromotive forces outside 
the substance, such as might arise at its boundary or 
at auxiliary electrodes. Such extraneous electromo- 
tive forces, E., commonly oppose the applied voltage, 
and Ohm’s law must be modified when they are pres- 
ent to 


E — E, = RI. (III) 


The evidence indicates that with glass electrodes 
extraneous counterelectromotive forces are of in- 
consequential magnitude and may be ignored in us- 
ing Ohm’s law. 


CHILLED PLATES 


CURRENT 


ANNEALED PLATES 


10 20 30 
TIME IN MINUTES 


Fic. 1. Dielectric absorption in an opal borosilicate 
glass, from the work of Guyer. 


Complications, nevertheless, will arise in measur- 
ing the resistance of glass electrodes. Glass is pri- 
marily a dielectric and exhibits only slight electrical 
conductivity. The measurement of resistance thus 
will be markedly influenced by dielectric properties. 
It appears that the literature on glass electrodes does 
not adequately relate the influence of dielectric phe- 
nomena to the problem of measuring resistance. 


Dielectric Properties of Glass 

Dielectric absorption in glass and glass electrodes 
tends to become more pronounced as the tempera- 
ture is lowered and the resistance of the glass in- 
creases. The mechanisms responsible are not com- 
pletely understood, but it is helpful, not only in 
measuring the resistance but also in considering 
other aspects of the glass electrode, to have a knowl- 
edge of these phenomena. 

Fig. 1, taken from the work of Guyer (10), shows 
what happens when a voltage is applied to different 
plates of a borosilicate glass. The curves show that 
initially the current falls sharply and then slowly 
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levels off at a finite value. The current that flows 
comprises not only that required to charge the geo- 
metric capacity, which component very rapidly falls 
to zero, but also at least two other components, 
These two latter components are manifestations of 
the imperfect nature of the dielectric, and, as they 
are primarily responsible for converting electrical 
energy into heat, are of especial interest in a discus- 
sion of resistance. 

One of these heating components, the conduction 


current, is not a function of time and in many cases — 
satisfactorily obeys Ohm’s law. The migration of | 
alkali metal ions within the glass network appears | 


to be responsible for the conduction current. The 
measurement of d-c resistance of glass electrodes de- 
pends upon measuring only this conduction-current 
component. 

The other heating component, the so-called ab- 
sorption current, decreases with time and slowly de- 
cays to zero. It is anomalous in nature and unique 
and specific for each dielectric. Apparently this cur- 
rent is a manifestation of a slow rearrangement or 
distortion of the internal structure of the glass caused 
by the electric field, dissipation of electric energy 
into heat accompanying the process. Taylor (24) 
has shown a remarkable analogy between the ab- 
sorption current and delayed elastic effects. 

The passage of an absorption current results in 
an accumulation of charge in the glass. A brief short 
circuit of the glass does not suffice to discharge the 
glass completely, and subsequently a difference of 
potential will arise across the glass. This is termed 
residual charge. Only by protracted short-circuiting 
of the glass (or by letting it stand for a long period) 
can all of the residual charge be removed. 

The measuring technique described later demon- 
strates the principle of superposition, another aspect 
of dielectric absorption. A striking example of this 


principle occurs when a glass which exhibits dielec- | 


tric absorption is charged for a long period, and then 
is charged briefly with the polarity of the charging 


voltage reversed. If this glass is now discharged, the | 


direction of flow of the discharge current will be 


found at first to be consistent with the polarity of | 


the voltage of the latter short charging period, but 
eventually the direction of flow of the discharge cur- 


rent will reverse itself and become consistent with 


the former longer charging period. 


Dielectric Loss and Measurements with A.C. 


Dielectric loss refers to the loss of electric energy 
as heat due to a changing electric field, this heat 
arising not only from the conduction-current com- 
ponent but also from the absorption-current com- 
ponent. In glass at room temperature, the magnitude 
of the latter component depends very much on 
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frequency and may greatly exceed the conduction- 
uurrent component. Thus the value of resistance 
uepends very much upon the frequency used to 
measure it, and the value with d.c. may differ radi- 
sally from values found with a.c., the a-c values 
differing among themselves. 

This explains why reported values of resistance of 
glass electrodes with d.c. may be as much as thirty 
or more times greater than corresponding values 
with a.c. The duration of even a quick d-c measure- 
ment in a given instance may be long compared with 
the speed of the absorptive change, so dielectric 
absorption passes unnoticed. However, measure- 
ments with a.c. under corresponding conditions may 
result in an absorption current having a very sig- 
nificant component in phase with the applied field. 
Such an in-phase component of current results in a 
loss of energy within the glass, thereby adding an 


a-c conductivity component to that conductivity of 


the glass which would be observed by a d-c measure- 
ment alone. This increased conductivity corresponds 
to the lower resistance observed in an a-c resistance 
measurement. The a-c measurement involves an ad- 
ditional phenomenon (or phenomena) and, therefore, 
has a more complicated significance than the d-c 
measurement. 
D-C Resistance 

The pH-indicating potential of the glass electrode 
is a d-c potential, and pH measuring techniques em- 
ployed with this d-c potential will be affected not by 
a-¢ resistances but only by the d-c resistance of the 
electrode, as Dole (7) has pointed out. The question 
arises as to how reliable is a d-c measurement in 
giving the desired property. Complications from di- 
electric phenomena can be overcome by proper meas- 
urement of the conduction-current component as 
described later. Possible complications arising from 
an extraneous counterelectromotive force must be 
considered, as these would vitiate the simple use of 
Ohm’s lav. The following facts seem to support the 
viewpoint that the d-c measurement does not intro- 
duce an extraneous counterelectromotive force [cor- 
responding to E, of equation (III)], and that the 
simple use of Ohm’s law is valid: 

1. D-C resistances are independent of the applied 
voltage (15). If a counterelectromotive force were 
present, it might -reasonably be expected not to be 
proportional to the voltage. 

2. In the absence of chemical attack, d-c resist- 
ances are constant with solutions of different pH and 
different composition (22), factors which might be 
expected to vary the counterelectromotive force if 
one did exist. 

3. Exceedingly small currents flow in the com- 
monly used methods of measuring d-c resistance of 
glass electrodes, and correspondingly minute a- 
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mounts of substances are involved in the electroly- 
sis. Thus, if one volt is used in measuring 100 
megohms, only 10-* ampere flows, which corresponds 
to less than one-hundredth of a microgram of sodium 
(or lithium) in one hour. 

4. D.C. has been used for many years at ordinary 
temperatures in measuring the resistance of speci- 
mens of glass which are not in the form of glass 
electrodes nor immersed in aqueous solutions. Morey 
(17) cites the need for techniques to prevent polari- 
zation, not at ordinary temperatures but only above 
100°C. 

5. The d-c resistance of glass at ordinary tempera- 
tures (not in glass electrodes nor immersed in aqueous 
solutions) shows remarkable continuity with a-c val- 
ues at high temperatures, both groups following the 
law of Rasch and Hinrichsen (13, 21). This speaks 
against an interfering element being present and 
suggests that a single phenomenon is being observed. 

The results of the present experimental study sup- 
port the viewpoint that no significant counterelectro- 
motive force is present in the d-c measurement of 
glass electrodes. The agreement of the temperature- 
resistance values with a simple mathematical equa- 
tion over a considerable temperature range argues 
against the presence of complicating effects, and 
indicates that a single phenomenon is being observed. 

The value of resistance as calculated using Ohm’s 
law from a properly made d-c measurement is ac- 
cepted as a true ohmic resistance of the glass. 


MEASURING THE D-c RESISTANCE 


In many cases, especially above room temperature, 
dielectric absorption does not interfere with a simple 
d-c measurement. In such instances a straightfor- 
ward measuring procedure may be employed (4, 5, 
6, 8, 11, 16). 

At lower temperatures, however, dielectric ab- 
sorption becomes troublesome. Even at room tem- 
perature certain lithia types of pH-responsive glass 
show dielectric absorption, and the resistance of 
these becomes very difficult to measure as the tem- 
perature is lowered. An attempt to measure the 
conduction current is complicated by the changing 
value of the current which may persist for hours. In 
the example of Fig. 1, even after 30 minutes the cur- 
rent is still changing somewhat, and it would not be 
strictly valid to take the current at that time. A 
premature reading will give a value of resistance 
which is too low, since apparent resistance will be 
low initially and will rise progressively finally ap- 
proaching a constant value. By waiting long enough, 
the conduction-current component can be obtained, 
since the other current components eventually will 
decrease to zero while the conduction-current com- 
ponent remains constant. 
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The experimental part of the present study, in 
those instances where dielectric absorption was both- 
ersome, employed a novel procedure to reduce the 
tediousness of the measurements. The viewpoint 
was taken that separate processes contribute to the 
absorption current, and that each adjusts itself to 
the electric field at its own rate. Thus the slowness 
of the observed current in reaching constancy is 
caused essentially by the slowest of these processes. 
It was found experimentally that equilibrium with 
a particular applied field could be reached more 
quickly by applying initially a constant voltage for 
a short time and then lowering the voltage somewhat, 
causing it to come into agreement with that par- 
ticular induced condition in the glass which corre- 
sponded to the slowest process. 

Fig. 2 illustrates what happens in the presence of 
dielectric absorption when the voltage is suddenly 
lowered somewhat, after an initial period of subject- 
ing a glass electrode to a constant voltage. The 
curves of this figure represent apparent values of 


APPARENT RESISTANCE 


TIME 


Fig. 2. The effect of lowering the impressed voltage in 
the presence of dielectric absorption. 


resistances by Ohm’s law, as would be obtained from 
the changing currents and the particular voltages 
employed. Curve I results when the voltage is low- 
ered the correct amount; there is an initial rapid fall 
corresponding to the readjustment of the more rapid 
process (or processes) to the new voltage, and then 
the apparent resistance becomes constant. The con- 
stant conduction current is realized, and the corre- 
sponding value of resistance as calculated from 
Ohm’s law is the accepted d-c resistance of the glass. 

Usually the first trial is not successful in producing 
Curve I. Curve IT shows insufficient lowering of the 
voltage. After the initial rapid fall, caused as before, 
the trend reverses and the apparent resistance in- 
creases, but at a slower rate than in the absence of a 
readjustment of the voltage. Curve III shows too 
great a lowering; there is the initial rapid fall, fol- 
lowed by a continuing slow downward trend. 

In practice it is not necessary to produce Curve 
1, which in itself would be a tedious procedure. After 
the initial period any value of current taken from 
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Curve II will yield a value of resistance which is 
somewhat lower than the accepted value, while a 
‘value selected from a similar point on Curve III 
will yield a value of resistance somewhat higher than 
the accepted value. The direction of the trend after 
the initial period indicates whether the voltage 


’ change was too little or too much. Thus the aceepted 


value can be obtained with any desired precision by 
successively modifying the voltage so as to straddle 
Curve I more and more closely, as for example by 
Curves IV and V. Usually, four or five trials will 
suffice to give an acceptable value. 
EXPERIMENTAL 
The change of d-c resistance of glass electrodes 
with temperature was studied experimentally by 
measuring twelve electrodes of glasses of four differ- 
ent compositions, at selected temperatures in the 
range from about 8° to 75°C. The measuring assem- 
bly was designed to afford close control over the 
important variables and to provide versatility and 
ease of operation. The components were, for the 
most part, standard instruments. 


CELL 


Vv 


Fic. 3. The basie circuit 


Method of Measurement 

The method employed in measuring the resistance 
is basically similar to that employed by Guyer (9) 
in his study of the electrical behavior of glass at 
room temperature, and to that employed by Corzo 
(5) in his study of glass electrodes. The problems 
which confronted Guyer are analogous to those which 
arise in measuring the resistance of glass electrodes. 
The present method differs from these, however, in 
that it measures the electromotive force of the glass 
electrode cell, whatever it may be, and includes it 
in the equation for the calculation of resistance. 

The basic circuit is shown in Fig. 3. The potential 
of the glass cell is represented by EF, and its resist- 
ance by R,. An adjustable, known source of voltage 
in the circuit is represented by V, and a calibrated 
resistor of known value by Re. The potential of the 
glass electrode cell, Eg, is first measured as in the 
customary way for measuring pH. This must be 
done before the glass acquires a charge if dielectric 
absorption is pronounced. Then the value Ee» is 
measured with Re and V introduced as in Fig. 3. 
Resistances in the circuit other than R, and Re 
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are negligible, and the resistance of the glass is given 
by the relationship 


Er av) 


An examination of this relationship reveals that 
the most favorable conditions for measuring the re- 
sistance exist when the calibrated resistor approxi- 
mately equals the resistance of the glass (when V + 
Eg is approximately twice E,). When the calibrated 
resistor is greatly different, the accuracy of measure- 
ment is less. Since the resistance of glass changes 
markedly with temperature, it is desirable to have 
a number of calibrated resistors to cover the range 
to be measured. 


GLASS 
ELECTRODE , = \ 
/ 
\ 
~ 
REFERENCE \ 
ELECTRODE 
THERMIONIC] 
re. AMPLIFIER 
(2420 (7673) 
SWITCH -4 SWITCH-3 
6 6 
POTENTIOMETER POTENTIOMETER 
A 
(7655) (7655) 


Fic. 4. The measuring circuit 


Apparatus 


Electrical Circuit.—The actual circuit is given in 
Fig. 4. The standard components are indicated by 
the L&N numbers appearing thereon. The potenti- 
ometers are the portable type with a range of 0 to 
1.11 volts. The amplifier, described by Cherry (4), is 
designed for a very high impedance of input. 

Potentiometer A is used to counterbalance the 
input voltage to the amplifier and thus serves to 
measure that voltage. Potentiometer B supplies the 
adjustable, known voltage V, an acceptable proce- 
dure since the circuit which is supplied has insignifi- 
cant conductance. The polarities of the potentiom- 
eters are readily reversed by their respective reversing 
switches, 3 and 4. 

The high-resistance portion of the circuit is in- 
dicated with shielding in Fig. 4, and requires, as is 
commonly known, excellent insulation and protec- 
tion from electrostatic fields. The conductors and 
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connectors are the types used in pH equipment. 
Switch | has insulating parts of Plexiglas and is 
mounted along with the interchangeable calibrated 
resistor inside a metal can as indicated. The 
remainder of the circuit is assembled with ordinary 
insulation and wiring precautions. 

The potential of the glass cell, Z¢, may be meas- 
ured with switch 1 in the open position and switch 
2 in the A position. The value of Ey may then be 
obtained with switch 1 closed and with switch 2 in 
the B position. These values along with the known 
values of V and Re yield with equation (IV) the 
value of resistance of the glass. 
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Fig. 5. The cell assembly 


Calibrated Resistors —Four calibrated resistors 
were used to cover the range of measured resistances. 
Three were received from the Victoreen Instrument 
Company and had values as follows: 11.5, 91.2, and 
1010 megohms. The fourth, on hand from previous 
work, had a resistance of 376 megohms. 

These were calibrated by first measuring the re- 
sistance of the lowest one in a conventional way 
using a Wheatstone bridge and sensitive galvanom- 
eter. This was used to calibrate the next higher one 
using the circuit of Fig. 4, and so on. Particular care 
was exercised to obtain good relative values, rather 
than exact absolute values. 

The effect of temperature on these standards dur- 
ing the measurements was inconsequential, since 
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their temperature coefficients were not excessive and 
the room temperature varied only slightly during the 
course of the work. 

Cell Assembly. 
were assembled in two specially blown flasks, as 
shown in Fig. 5. Each flask, with nominal volume of 
500 ml, had six side-arms for electrodes. These as- 


The twelve electrodes under test 


semblies were immersed as indicated in a controlled- 
temperature bath, capable of maintaining regulation 
of the order of +0.001°C. The metal lining of the 
tank was connected electrically to the shielding of 
the circuit and thus shielded the electrode assembly. 
A platinum resistance thermometer with Mueller 
bridge (L& N No.8163-A and 8069, respectively) gave 
the temperature of the solution in which the glass 
electrodes were immersed. The National Bureau of 
Standards furnished the constants of the thermom- 
eter. 

The same buffer solution was used inside and out- 
side the electrodes. It was approximately 7 pH and 
was composed of diabasic sodium phosphate (0.03 
molal), monobasic potassium phosphate (0.03 molal), 
and sodium chloride (0.02 molal). 


TABLE I. Compositions of the pH-responsive glasses 
(mole per cent) 


Designation of glass LiO NaxO CsO CaO BaO Lao 


Corning 015 — 21.4 — | 6.4, — - 72.3 
L & N 402 23 — — — 66.6 
L & N 379 25 -| 212 5 3 63 
L & N 399 2 2 — 3 63 


The reference electrode was a length of silver wire, 
formed as shown. The lower portion was coated with 
silver chloride by anodic electrolysis in a solution 
of hydrochloric acid. 

A calomel electrode with salt bridge as shown was 
the internal reference. In making a sequence of 
measurements this was moved from electrode to 
electrode as required. The two reference electrodes 
were different and, in general, were not at the same 
temperature. Thus the cell had a net potential, con- 
stant over any measuring period and included in 
calculating resistance as has been described. 

A glass float, containing glass wool, fitted closely 
inside the stem of each glass electrode. A short sec- 
tion of rubber tubing inside the stem held the float 
in place. This float reduced longitudinal transfer of 
heat. The exposed portion of the stem of each elec- 
trode was protected against electrical leakage by 
G.E. Dri-Film No. 9987, applied as a 5 per cent 
solution in carbon tetrachloride. 


pH-Responsive Bulbs 


The pH-responsive membranes were in the form 


of bulbs of the Haber type and were similar in size 
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and ruggedness to those of modern commercial elee- 
trodes. Each bulb contained about one decigram of 
glass and measured a little less than one centimeter 


in diameter. The thickness of the membranes aver- 


aged about 0.1 mm. The bulbs were blown on stems 
of lead-glass which has high electrical resistance. 

The resistance of the glass in electrodes depends 
upon thermal history and other factors, and aecord- 
ingly no attempt was made to ascertain the precise 
specific resistance. With the above dimensions, how- 
ever, and the assumption that about two-thirds of 
the sphere is involved, a factor of 200 cm is deriy- 
able for converting the measured to the specific 
resistance. This, of course, may be used only as a 
guide in estimating the order of magnitude of the 
specific resistance. 

The compositions (in mole per cent) of the pH- 
responsive glasses are given in Table I. The figures 
for Corning 015 glass were taken from published 
information. The figures for the L&N glasses were 
obtained from chemical analyses of representative 
batches. The 015 glass was purchased from the Corn- 
ing Glass Works; the others were prepared in this 
laboratory. L&N glass 399 is intended for use at 
ordinary temperatures, while the other two are for 
use at higher temperatures. One of the present au- 
thors has prepared information on pH-responsive 
glasses, including the above newer glasses (19). 


Procedure 

The experimental part of this study was done 
intermittently over a period of five months. The 
bulk of the work consisted of two series of runs at 
selected temperatures, one before and the other after 
protracted heating of the electrodes at 75°C. The 
electrodes were also subjected to preparatory and 
incidental testing. 

The electrodes were blown at the beginning of the 
work and were not put in contact with solution until 
about two and one-half months had passed. They 
were then mounted and assembled as previously 
described. Four or five days of soaking elapsed be- 
fore the first values of resistance were taken. In the 
latter period of testing, the bulbs always stayed in 
contact with the buffer solution, and during the idle 
time between runs, remained at room temperature 

To insure thermal equilibrium before taking read- 
ings, several hours were allowed to elapse with the 
bath controlled at the desired temperature. Tem- 


peratures taken inside the flasks during the periods} 


of measuring differed by no more than one- or two- 
hundredths of a degree from those taken in the oil, 
and by even less than this from the reported values 

The question arose concerning whether the above 
Waiting time was adequate at the lower tempera- 
tures. A test was made in which one flask of elec- 
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trodes was held for about ten hours at 10° above, 
and another flask for about ten hours at 10° below, 
the particular temperature of the bath (14.35°C). 
Both flasks were then placed in the bath at the same 
time and were brought into thermal equilibrium with 
the bath as rapidly as possible. Measurements of 
resistance were made during the subsequent twenty- 
four hours. No evidence was obtained to indicate 
that time was required for the resistance to adjust 
itself to the new temperature, although the test was 
conducted in such a way that rapid changes which 
might have been completed within the first hour or 
so would not have been noticed. 

The readings were taken as previously described. 
The value of the impressed voltage (V) was usually 
about one volt. Preliminary tests with one-tenth volt 


Corning 015 Glass 
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L & N 402 Glass | 


43 


absorption, and this procedure was employed when 
needed. 

The first series of runs includes the following suc- 
cessive temperatures: 25.01°, 14.35°, 8.45°, 36.02°, 
48.63° 61.46°C. It was originally planned to con- 
clude the work with a final set of readings at about 
75°C, but in the course of this run (actually at 74.52°C) 
the resistances of two or three of the electrodes were 
uncertain, indicating changing values. Accordingly, 
the electrodes were left at this temperature overnight 
for a total period of about 18 hours with the hope 
that the values would become stable. The next day 
readings were continued, and this time there was no 
evidence of change. 

Because of this, a second series of runs, including 
all but the lowest of the previous temperatures, was 


TABLE II. Resistances of the electrodes (values in megohms ) 


L & N 399 Glass 


L & N 379 Glass 


bs Series* Electrode No. r Electrode No. Electrode No. Electrode No. 
8.45 I | 1790 890 990 3700 2240 2440 | 3800 4000 2840 | 460 = 550 | 520 
| | 
14.35 I 940 460 520 1890 1160 1180 | 1920 2040 1430 241 | 287 267 
II 1000 480 560 3300 1560 | 1610 | 1940 | 2250 1630 267 =| 360 610 
25.01 [ 330 158 181 530 360 360 | 610 660 | 460 | 82 | 99 | 86 
II 340 159 190 930 440 470 =| «620 670 480 8 | 99 | 156 
36.02 I 119 56 66 161 9S 120 200 | 25.8 | 28.6 28.9 
Il 122 57 68 253 131 143 196 224 162 | 27.0] 33. | 46. 
| 
48.63 I | 42 | 19.7) 23.5] 48 29.9 38 64 71 9 | 88| 95! 9 
II 42 19.2 23.3 64 36 42 66 72 51 | 10.4 | 11.1 | 12.5 
61.46 I A 7.2 8.6 15.1 9.7 12.6 21.4 23.9 16.6 3.2 | 3.4 3.5 
II 5.3 7.0 8.5 18.9 10.6 12.7 20.6 23.1) 16.7 | 3.3 | 3.5 | 4.0 
| 
| | | | 
74.52 II 5.9 2.72 3.3 5.9 3.7 4.6 7.5 | 1.26) 1.36 


gave the same results as those with one volt, show- 
ing that these glasses obey Ohm’s law. This is in 
agreement with the observations of others (15). 

During the measurements, the polarity of the im- 
pressed voltage was reversed from time to time to 
avoid any possible cumulative effect of passing cur- 
rent through the electrodes always in the same direc- 
tion. The direction of current flow through the bulb 
made no difference in the value of resistance. More- 
over, so long as dielectric absorption was negligible, 
the reading was obtained without noticeable delay 
upon reversing the voltage. With marked dielectric 
absorption, however, the reading was delayed, as 
would be expected. 

A previous section explains how the taking of 
readings was facilitated in the presence of dielectric 


* Series | was performed before protracted heating at 74.52°C; Series II, afterward. 


8.4 


performed in the following sequence: 74.52°, 48.63°, 
61.46°, 25.01°, 14.35°, 36.02°C. It was not difficult 
to re-establish these particular temperatures by vir- 
tue of the method of control built into the controlled- 
temperature bath. 


RESULTS 


The resistances, caléulated using equation (IV), 
are presented in Table II. The majority of these 
values represent single measurements. In a fair num- 
ber of instances, however, multiple measurements 
were available, and averages are presented. 

The results appear also in the graphs of Fig. 6, 7, 
8, and 9. The resistance on a logarithmic scale is 
plotted against the reciprocal of the absolute tem- 
perature. Series I appears in Fig. 6 and 7, while 
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Series II appears in Fig. 8 and 9. In Fig. 6 the values 
of resistance for Corning 015 glass are multiplied 
by one-half to prevent crowding of the two sets of 
curves, and for the same reason in Fig. 8, the values 
for L&N 402 glass are multiplied by two. The tem- 
perature in degrees centigrade is given for each set 
of points to aid in interpreting the temperature 
scale. 

Multiple measurements allowed a study of repro- 
ducibility. Usually values agreed well, deviations 
from the average being less than one or two per 
cent. Occasionally, however, a value deviated as 
much as ten per cent, for no apparent reason. 

In general, the values for a given electrode lie 
close to the straight line which has been drawn 
through them. Hence the graphs show that these 


TABLE III. Slope constants of the glasses 


Values of B Values of Q 
(X 10°%) (x 10) 

a Series Series | Series | Series 

I* I* I* 

Corning 015 1 3.7 3.7 | 16.9 | 16.9 
2 3.7 3.7 16.9 | 16.9 

3 | 3.6 | 3.7 | 16.5 | 16.9 

| | | 

IL. & N 402 4 | 4.3 4.6 19.6 | 21.0 
5 4.2 4.4 19.2 | 20.1 

6 | 4.1 4.3 | 18.7 | 19.6 

L & N 379 7 4.0 4.0 18.3 | 18.3 
Ss 4.0 4.0 18.3 | 18.3 

| 9 4.0 4.0 18.3 | 18.3 

L & N 399 / 10 3.8 | 3.9 | 17.4] 17.8 
ll 3.9 4.0 17. 18.3 

12 3.8 4.3 17.4 | 19.6 


*Series I was performed before protracted heating at 
74.52°C; Series II, afterward. 


glass electrodes follow the Rasch and Hinrichsen 
law 


login =A++ B/T (V) 


in which Rg is the observed resistance (in megohms), 
T the absolute temperature, and A and B are con- 
stants. 

The value of A depends on the particular dimen- 
sions of the membrane as well as on the intrinsic 
character of the glass, and thus this constant does 
not have basic significance. The value of B, however, 
representing the slope of the curve, is independent 
of the membrane dimensions, and is related to the 
nature of the glass. The larger the value of B, the 
more rapidly will the resistance change with tempera- 
ture. Calculated values of B are given in Table III, 
which also shows, for the sake of comparison, the 
slope constant expressed as Q’s in the same way as 
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the results of Lengyel and Blum (13). Values of B 
were converted to values of Q by the relationship 


Q = 2.3 RB = 457B (VI) 


in which R is the gas constant in calories per degree 
per mole. 

Fig. 10 is a nomograph constructed to express 
equation (V). If the resistance of an electrode is 
known at a particular temperature, this nomograph 
affords a rapid means of estimating the resistance at 
any other temperature, or of estimating the tempera- 
ture at which the resistance will be a specified value. 
The nomograph is used by placing a straightedge 
between known values of resistance and temperature, 
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Fig. 10. Nomograph of the temperature-resistance rela- 
tionship of the glass electrode. 


and noting the point of intersection with one of the 
central vertical lines, depending on the type of glass. 
This point, when aligned with either a second tem- 
perature or resistance, yields the corresponding value 
of the other variable. 

The position of the central pivoting point estab- 
lishes the values of the constants, A and B; vertical 
displacement varies A, while horizontal displacement 
varies B. The value of B for Corning 015 glass was 
taken as 3700. Values of B in Table III for L&N 
glasses 399 and 402 are less constant. In Series I 


however, the values for L&N glasses 379, 399, and 
402 average very close to 4000, which value was 
used in the nomograph in placing the vertical line 
for these glasses. 
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DISCUSSION 


During the course of the investigation the feeling 
gradually developed that highly reproducible values 
of resistance could not be obtained for glass elec- 
trodes despite repeated attempts to refine technique. 


Comparison of Series I and II 


The differences between Series I and II, observable 
in Table I], indicate that electrodes tend to increase 
their resistance when immersed in hot solutions. The 
25°C resistances of electrodes 4 and 12 almost dou- 
bled in going from Series I to II. Although large 
changes in the 25°C resistance occurred in only two 
or three instances, all others showed at least some 
increase. The effect of heating also tended to increase 
the slope constant as Table II] shows. It is interest- 
ing to note that in the two cases of large resistance 
change the slope constants also underwent the larg- 
est changes. 

These changes are understandable when it is re- 
alized that the glass in the electrodes is in a chilled 
condition. As a result, the specific resistance is much 
lower than it would be with annealed glass. Other 
studies in our laboratory bear out Beckman’s (3) 
observations in this respect, and indicate that by 
annealing, the resistance of electrodes may be in- 
creased by a factor of as much as four or five. The 
curves of Fig. | also show this same effect for plates 
of borosilicate glass. It is not surprising, therefore, 
to have found a change caused by the hot solution, 
the apparent effect of which was to change the glasses 
partially toward a more annealed condition. 


Temperature-Resistance Relationship 


The results clearly show that resistance and tem- 
perature are related in accordance with equations 
(Il) and (V), the Rasch and Hinrichsen law (20). 
This is contrary to the results of previous investiga- 
tions. 

The question arises as to how well the constants 
of this study for Corning 015 glass agree with the 
published work of Taylor and Kraissl (25) on the 
resistance of this same glass. Their relationship is 
that of equation (11) and (V), the constants of which 
we calculated from their graph to give 


3800 


1 (VII) 


p = —1.62 + 
where p is the specific resistance and 7 the absolute 
temperature. Equation (VII) represents measure- 
ments made from about 100° to 400°C, the glass 
being not in contact with aqueous solutions. This 
slope constant is 3800, very close to the average 
value of 3700 found in the present work for Corning 
015 glass. 
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Equation (VII) gives, by extrapolation, a specific 
resistance for 015 glass of about 1.3 & 10" ohm-cm 
at 25°C. A rough approximation of the specific re- 
sistance of the 015 electrodes can be made as fol- 
lows. Their average measured resistance is about 2 
xX 10° ohms at 25°C. If this is multiplied by 200 
cm (the approximate factor previously mentioned) 
the result is 4 ohm-em for the specific resist- 
ance. But since the electrodes are in a chilled condi- 
tion, this figure may not be compared directly with 
the extrapolated value at 25°C. If allowance is made 
for the chilled condition by multiplying, say, by a 
factor of four or five (the approximate correction 
for the chilled condition previously mentioned) there 
is remarkably good agreement. 

Kahler and DeEds (11) obtained a specific resist- 
ance of 3.6 & 10'° ohm-cm at 22.3°C for electrodes 
of 015 composition. It is assumed that this is for 
the chilled condition, and this figure agrees fairly 
well with the corresponding value of the present 
study, + ohm-em at 25°C. 

The slope constants as Q’s in Table III fall nicely 
within the range of values found by Lengyel and 
Blum (13) for their glasses. Their values range from 
16,200 to 23,000, while the present ones range from 
16,500 to 21,000. 

The nomograph of Fig. 10 can be used to obtain 
precise values for Corning 015 and L&N 379 glasses. 
With the other two glasses, however, some uncer- 
tainty will exist because of the inherent changeability 
of the slope. Nevertheless a fair approximation 
should result if the right-hand line is used for these 
glasses. 

It is interesting to check the nomograph against 
published values for 015 glass electrodes. The results 
of Kahler and DeEds (11) for one electrode, 1200 
megohms at 5°C and 12 megohms at 55°C, agree 
exceptionally well. The measurements of Corzo (5) 
also agree. His data show, incidentally, that the 
resistance and implicit slope values tend to increase 
slightly with heating (or standing), as in the present 
study. 

If the logarithm of the resistance is plotted against 
the temperature using the present data, following 
the previously accepted practice of equation (1), the 
points lie on lines having definite curvature. This is 
suggested in two of the sources (2, 22) which note 
that their slope constants tend to decrease slightly 
with increasing temperature. Thus it is believed that 
this way of expressing the temperature-resistance 
relationship may be only approximately valid for 
pH glasses, being useful only over a restricted tem- 
perature range. 

Stevels (23) discusses the effect of temperature on 
the electrical conductivity of glass. He attempts to 
explain why some glasses follow a simple logarithmic 
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relationship with temperature, while others follow 
the Rasch and Hinrichsen law. In his picture, “‘ab- 
normal glasses’ are characterized by a relatively 
open structure of the silicon-oxygen network, and the 
conducting ions are able to jump rather unhindered, 
thus causing the glass to follow the Rasch and Hin- 
richsen law. The desirability of: low resistance in a 
pH glass automatically operates to favor a glass of 
such character. From this it would appear that 
glasses suitable for pH work are of the “abnormal’’ 
type, and would thus follow the Rasch and Hin- 
richsen law. 


CONCLUSIONS 

Possible complications in measuring the electrical 
resistance of glass electrodes include extraneous coun- 
terelectromotive forces and dielectric phenomena. 
The weight of evidence indicates that extraneous 
counterelectromotive forces are inconsequential and 
may be ignored. Dielectric phenomena may lead to 
complications such as the changing nature of the 
measuring current caused by dielectric absorption 
(with d.c.), and the dependence of resistance on the 
frequency (with a.c.). 

The use of d.c. is recommended for evaluating the 
resistance of the glass electrode. By measuring only 
the conduction-current component of the glass, the 
d-c resistance can be obtained using Ohm’s law. 
This appears to be the true ohmic resistance of the 
glass. 

When dielectric absorption is bothersome it is 
desirable, in measuring the conduction-current com- 
ponent, to employ an adjustable voltage across the 
glass membrane, thereby avoiding the long waiting 
time required with a fixed voltage. After a short 
initial period the voltage is lowered and adjusted 
to make it agree with the induced condition in the 
glass corresponding to the slowest absorptive process. 

The equations previously used for expressing the 
temperature-resistance relationship of glass elec- 
trodes do not fit the present data. The Rasch and 
Hinrichsen law is preferred in which the logarithm 
of the resistance follows a linear relationship with 
the reciprocal of the absolute temperature. It is 
convenient to use this relationship in the form of a 
nomograph as shown in Fig. 10. 

The temperature-resistance relationship obtained 
for Corning 015 glass electrodes immersed in aqueous 
solutions is identical to that given in the literature 
for the dry glass from 100° to 400°C, both sets of 
data following the Rasch and Hinrichsen law. More- 
over, the respective constants are in agreement. 
From this it may be inferred that the fundamental 
process of conduction is not dissimilar in the two 
cases. 
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A Micro Solution-Potential Measuring Technique’ 
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ABSTRACT 


A technique for measuring the solution potential of a metal or alloy on a micro seale 
has been developed. It consists of electrically insulating the polished and etched sur- 
face of the metal specimen with a transparent plastic film, puncturing the film over any 
desired microconstituent with the aid of a specially adapted hardness tester, and then 
determining the solution potential at the point of puncture. In this manner it is pos- 
sible to examine an alloy of normal grain size at high magnifications (up to 566 X ) and 
obtain the solution potential of any desired part of the microstructure. 


INTRODUCTION 

Solution potential measurements have long been 
a means of predicting the corrosion susceptibility of 
groups of metals or alloys when exposed to various 
corrosion mediums. It is possible in this way to de- 
termine the feasibility of using two different metals 
or alloys in close contact under conditions where 
electrolytic action may take place. However, when 
an alloy is to be used alone the corrosion suscepti- 
bility cannot be conclusively predicted by solution 
potential measurements of the alloy as a single unit. 
It then becomes necessary to determine the solution 
potential of the various microconstituents and grain 
areas of the alloy. In the course of a project on the 
stabilization of 24S8-type aluminum alloys against 
intergranular corrosion by element additions, it was 
deemed necessary to develop a suitable method of 
studying the internal solution potential characteris- 
tics of the various alloy systems. The methods de- 
scribed by Mears and Brown (1) using fine tubulus 
or moistened fiber and the waxing techniques were 
not desirable due to the need of growing large sized 
grains. 

The specific potential measuring problem involved 
is illustrated in the first two figures. Fig. 1 shows a 
copper-aluminum alloy structure (4.5 Cu, balance 
Al) that has resulted by air cooling from a solution 
temperature of 910°F. The white grain boundaries 
have been copper depleted and thus have a more 
electronegative solution potential than the adjacent 
areas. In the presence of an electrolyte this white 
portion of the grain boundary is anodic to the grain 
boundary precipitate (black) and the solid solution 
grain interior. Fig. 2 shows the effect of an electrolyte 

' Manuscript received August 2, 1950. This paper pre- 
pared for delivery before the Chicago Meeting, October 
12 to 15, 1949. 
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on such a grain structure when present in a wrought 
specimen. The attack is intergranular and proceeds 
along the depleted grain boundary areas. The re- 
ports of Rawdon (2), Dix (3), and Mutchler (4), as 
well as many others, discuss this type of corrosion 
on the copper-aluminum alloys. 


PROCEDURE 


The metal specimen is first mounted in Lucite or 
Bakelite and then polished and etched in the con- 
ventional manner. A thin transparent film of plastic 
coating is then applied with an eye dropper and 
allowed to dry. Fig. 3 shows a coated specimen ready 
for examination. It should be noted that the entire 
specimen is not coated. An uncoated area is left 
open to facilitate electrical contact. 

The specimen is then immersed in the electrolyte 
and tested for electrical insulation. After electrical 
insulation has been verified, the specimen is ready 
for microscopic observation and the selection of the 
desired area for solution potential measurement. Fig. 
4 shows the Tukon Hardness Tester adapted with a 
special indenter for puncturing the insulating film 
over the grain area being investigated. Very light 
indenter loads are used. These range from 45 grams 
to 100 grams. The tip of the indenter is ground to the 
shape of a truncated cone. Fig. 5 shows the shape of 
the indention when made directly on a metal speci- 
men without the plastic film. 

After the small puncture has been made through 
the plastic film, it is again ready to be submerged 
in the electrolyte with the small punctured area 
below the surface of the liquid. The solution poten- 
tial of the small area at the point of puncture is then 
determined with the potentiometer. Fig. 6 and 7 are 
photomicrographs of an indention taken through 
the plastic coating before and after the solution 
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Fic. 1. Grain structure of cast aluminum alloy (4.5 Cu, 
balance Al). Air cooled from 910° F. Heavy Keller’s etch. 
The white grain boundaries have been depleted of copper. 
Original magnification was 750; the print has been reduced 
to half size. 


Fic. 4. Specimen under special indenter mounted in 
standard Tukon Hardness Tester making small puncture 
through the electrically insulating plastie film. 


Fig. 2. Grain structure of wrought aluminum alloy (4.5 
Cu, balance Al). Air cooled from 910° F. Six-hour exposure 
to standard intergranular salt and peroxide corrosion solu- 
tion. Light Keller’s etch. The attack is along the depleted 
grain boundaries. Original magnification was 100; the print 
has been reduced to half size. 


Fic. 3. Plastic coated metallurgical mount. All surfaces 
are electrically insulated except the small area at top which 
allows contact with the electrode holder. 3X. 
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Fic. 5. Photomicrograph of 4.5% Cu-95.5% Al alloy air- 
cooled from 1018° F showing depleted zones and shape of 
indenture when made on uncoated specimen. Indenture is 
approximately 0.0013 in. across the long diameter. Keller’s 
etch. 500X. 


Fic. 6. Photomicrograph taken through the plastic coat- 
ing showing indenture in center of grain before specimen 
was immersed in electrolyte for solution potential measure- 
ment. Keller’s etch. 500X. 
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potential was measured. It may be seen that the 
area over which the potential was taken has been 
confined to the center of the grain. 


Fic. 7. Photomicrograph of same area as Fig. 6 after 
specimen was immersed in the electrolyte and tested for 
solution potential. Note that electrolyte has not undercut 
the plastic film as shown by the location of the corrosion 
products. Keller’s etch. 500X. 


DISCUSSION 


The transparent plastic coating now being used 
is ethyl cellulose dissolved in various solvents which 
control the drying time to approximately five min- 
utes. Lucite mounts have been found best suited for 
the technique. Bakelite mounts are not satisfactory 
because of the inability to get the plastic coating to 
bond well with the Bakelite. Several different. sol- 
vents and combinations of solvents have been tried 
with the desired effects being the least amount of 
stress cracking of the Lucite mount, the least amount 
of wrinkling of the coating, and short time room 
temperature drying. Ether, alcohol, ethyl acetate, 
butyl acetate, and amyl acetate have been somewhat 
satisfactory. A plastic coating solution containing 
by weight 9 per cent ethyl cellulose, 18 per cent 
petroleum naptha, 55 per cent toluol, and 18 per 
cent ethyl aleohol has been found most satisfactory. 

Several types and shapes of indenters have been 
investigated including the standard Tukon and Vick- 
ers indenters. A sharpened phonograph needle with 
the tip having the shape of a truncated cone has 
proved the most satisfactory. 

The electrolyte used in these solution potential 
studies consists of a 1N solution of NaCl containing 
0.3 per cent of H.O.. Approximately 5 drops of a 
solution of 5 per cent aerosol are added per 100 em 
of the electrolyte as a wetting agent. It has been 
found that the addition of aerosol does not appre- 
ciably, if at all, affect the solution potential measure- 
ments except to facilitate the entrance of the electro- 
lyte into the small indention. It has also been found 
that etching the specimen, to make the selection of 
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the desired indention location possible, has no effect 
on the resultant solution potential because of the 
fresh cut made by the indenter. The possibility of 
the indenter causing cold working of the metal has 
not been thoroughly investigated. Indications are 
that it does not affect the solution potential values, 
RESULTS 

Investigations carried out in developing this micro 
solution-potential measuring technique have shown 
the values obtained to be accurate and reliable. The 
solution potential value obtained when the entire 
specimen of a precipitation hardening alloy such as 
the Cu-Al alloys is used will be that of the most 
anodic constituent or grain area. Using this fact it 
is possible to predict the relative corrosion properties 
of a group of similar Cu-Al alloys by comparing 
solution potential values taken in the center of the 
grains with those taken across the grain boundary 
so that at least a portion of indenter is in a depleted 
zone. Values obtained in this manner for cast speci- 
mens homogenized at 1018°F and air cooled in order 
to obtain depleted grain boundaries and suscepti- 
bility to intergranular corrosion are as follows: 
2S Aluminum Control Specimen 

Entire specimen —().83 volt 

Through indention in plastic coating —0.83 volt 
Heat 13, 4.5% Cu, 95.5% Al 

Entire specimen 

Depleted grain boundary area 

Center of grain 
Heat 30, 4.5% Cu, 94.5% Al, 1.0% In 

Entire specimen 

Depleted grain boundary area 

Center of grain 
Heat 36, 4.5% Cu, 94.5% Al, 1.0% Cr 

Entire specimen 

Depleted grain boundary area —0.71 volt 

Center of grain —0.66 volt 

Other experiments were run on weld specimens 
and standard aluminum alloys with satisfactory re- 
sults. With further improvements in the transparent 
coating and with an improved cutting and smaller 
indenter, it should be possible to use this method 
for determining micro solution-potential values not 
only for aluminum alloys but also for stainless steels 
and for other metallurgical problems. 


—(.75 volt 
—().74 volt 
—(.68 volt 


—().97 volt 
—().97 volt 
—().79 volt 


—().72 volt 


Any discussion of this paper will appear in a Discussion 
Section, to be published in the December 1951 issue of the 
JOURNAL. 
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Dichromate Reduction Rate at a Steel Surface in Air-free, 
Acetic Acid Solution’ 


NorMAN HACKERMAN AND Ray M. Hvurp 


Department of Chemistry, University of Texas, Austin, Texas 


ABSTRACT 


A system was devised in which aqueous solutions of K.Cr.O;7 and of acetic acid could 
be brought in contact with steel coupons in the absence of air. The rate of reduction of 
the dichromate was determined as a function of time by titration and spectrophoto- 
metrically. Changes in pH were also followed. Rates were measured with various ini- 
tial concentrations of dichromate and of acetie acid and for several areas of steel sur- 
face. The effects of temperature, presence of NaCl, presence of oxygen, and order of 
addition of the solutions were studied. There was measurable loss of dichromate in all 
cases except those in which air was deliberately added. In general, the rate curves be - 
came level before all of the dichromate was reduced, with the maximum loss about 60 
per cent. It was concluded that dichromate at 400 ppm was a fairly effective inhibitor 
to the corrosion of steel down to pH 3.0 in the absence of oxygen even with 1000 ppm 
NaCl present. A mechanism for the reaction and of the corrosion inhibition is proposed. 


INTRODUCTION 


Despite the extensive use of chromates and dichro- 
mates to inhibit corrosion, the nature of the protec- 
tion afforded by these chemicals has not yet been 
established to the satisfaction of all investigators. 
It is most widely accepted that the metal surface 
becomes separated from the corrosive medium by 
formation of a tightly adhering film of hydrated 
metallic oxides. However, there appears to be an 
additional effect, most apparent on initial contact 
between metal and chromate. For example, in 0.01.N 
K.Cr.O; the electrode potential of iron becomes more 
electropositive by 0.24 volt in an hour and then 
remains constant at this value (1). Other such in- 
stances have been reported and form the basis for 
a postulate to the effect that chromate passivates by 
making the surface more noble. It has been pointed 
out (2), however, that corrosion might occur in spite 
of such an indication of passivity and, as a matter of 
fact, the validity of the potential-time method as a 
means of indicating passivity has been questioned. 

Even though the metal may not be rendered pas- 
sive by the chromate, in most cases the surface is 
soon covered with a film which consists mainly of fer- 
ric oxide and small amounts of chromic oxide, accord- 
ing to Hoar and Evans (3). Evans (4) attributes the 
inhibitive power ‘of chromates to the production of 
just such a film in physical contact with the surface. 
This is said to occur by interaction of chromate with 
the ferrous ions formed at a discontinuity in the 
original air-oxide film, the new film then sealing off 

' Manuscript received July 28, 1950. This paper prepared 


for delivery before the Buffalo Meeting, October 11 to 13, 
1950. 


the discontinuity. Such a mechanism, drawn directly 
from the chemistry of the system, is generally sub- 
stantiated by Darrin in his papers on corrosion con- 
trol with chromate (5). 

Most of the work with chromates has been in 
either neutral or slightly alkaline solutions. In fact, 
if the inhibitive action is due to the formation of a 
mixed Fe.0; —Cr.0; protective coating, then, as is 
indicated by Evans (4), chromates would be meffec- 
tive in acid solutions, since the film would dissolve. 
However, the addition of chromates to a number of 
originally highly corrosive gas condensate wells has 
been found to afford good protection from corrosion 
(6), even though the pH of the aqueous fluid was 
estimated to be 3.5-4.5 and the system was anaerobic. 
The loss in weight of steel coupons exposed to these 
gas well streams has already been investigated (7), 
but consumption of chromate could not be measured 
accurately in the field. Also there is not much pub- 
lished material concerning the rate of chromate loss 
due to steel in air-free acidic systems. Since the 
concentration of oxygen might be the rate-determin- 
ing factor and mask the kinetics of the chromate- 
steel reaction, it was considered desirable to carry 
out the experimental work under anaerobic conditions, 


EXPERIMENTAL 


An apparatus was constructed which would insure 
the complete absence of oxygen from the system and 
at the same time provide for the introduction and 
withdrawal of the solutions, for flow of nitrogen, and 
for stirring. A diagram of this apparatus is shown in 
Fig. 1. Some of the precautions which were taken 
to exclude oxygen from the system are as follows: 
glass seals were made throughout the nitrogen and 
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solution lines; a mercury seal stirrer was used; the 
reaction chamber was sealed to a Bakelite top with 
a rubber gasket; and the entire chamber was im- 
mersed in a water bath. 

Tank nitrogen was freed of residual oxygen by 
passing it through two solutions of acidified vanadyl 
sulfate, after a process described by Meites and 
Meites (8). All lines leading to and from the reac- 
tion chamber were thoroughly flushed with a stream 
of this purified nitrogen before each run. The potas- 
sium chromate and acetic acid solutions were pre- 
pared from distilled water which had been boiled 
and stored under an atmosphere of nitrogen. After 
the solutions had been made up, they were again 
saturated with nitrogen and stored in the water bath 
to bring them to the reaction temperature. Finally, 


Fic. 1. Diagram of the apparatus. A, vanadyl sulfate 


solutions; B, reaction solution; C, thermostat; D, reaction 


vessel; I, steel coupons; F, stirrer; G, sample port; H, 


bubblers containing water. 


when the solutions were introduced, they were made 
to fill the reaction vessel completely, thereby remov- 
ing any traces of air which may have remained after 
the nitrogen flushing. During the course of the runs 
nitrogen was slowly but 
through the solutions. 

C. P. chemicals were used throughout. The steel 
surface was supplied in the form of SAE 1020 steel 
coupons, the surface areas of which were approxi- 


continuously bubbled 


mately 25 em? per side, or 50 em* per coupon. Prep- 
aration of the metal surface consisted of polishing 
first with 1/0 emery paper, then with 3/0 sandpaper, 
rinsing with acetone, and drying with tissue. The 
edges of the coupons were coated with a thin layer 
of paraffin to avoid possible excessive effects at areas 
of metal stress. 
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Procedure 

The general experimental procedure is given below, 
where the letters refer to Fig. 1. The reacting solu- 
tion was first made up to the desired concentrations 
of acetic acid and potassium dichromate and stored 
in the thermostat (C). The coupons were polished 
and then sealed into the reaction vessel (ID), and 
more water was added to the bath until the top of 
the jar was covered. Nitrogen was allowed to flow 
through the system for about ten minutes, during 
which time the bottle containing the solution was 
removed from the thermostat and sealed in at (B). 
By diverting the flow of nitrogen into the bottle 
(B), the solution was forced over into the reacti 
vessel. Note that the solution filled the jar complet 
before it began to flow from the exit nitrogen lin 
After the solution was transferred, the flow of nitro- 
gen was returned to the reaction vessel. Samples of 
the solution were removed by simply closing off the 
exit nitrogen stream and opening the sample port 
(G), thus forcing some of the solution out of the 
jar. 

Approximately 5-ml samples were withdrawn and 
analyzed for both hydrogen ion and dichromate con- 
centrations. Hydrogen ion was measured with a 
Beckman model “M’’ pH meter, which gave an 
estimated accuracy of +0.03 pH unit in the range 
used. Dichromate concentration was at first deter- 
mined by a standard titrimetric procedure in which 
a measured excess of standard ferrous ion was added 
to the sample, and the excess ferrous ion titrated 
with standard dichromate. Because of the small 
sample size, however, this method gave only fair 
accuracy. In some of the later work the analyses were 
made with a Beckman model “DU” spectrophotom- 
eter, with greatly increased accuracy and reproduci- 
bility. The acetic acid in the samples did net absorb 
at the wavelength used for the analyses (430 my), 
but ferric ion did. This interference was eliminated 
by adding to each sample a tiny crystal of ammonium 
bifluoride, which removed the ferric ion by formation 
of the colorless complex, FeF, 


RESULTS 


The following set of conditions was chosen to de- 
termine the reproducibility of the method, and also 
to serve as the basic condition for the rest of the 


work: 450 ppm Cr.0;", 1000 ppm HC,H;Oz, 200 cm? | 


of steel surface, 35°C. Using these conditions, two 
separate runs gave the results plotted in Fig. 2. 
Although the two curves are not identical, they are 
nevertheless very similar, especially in the important 
values of initial slope and time at which the slope 
changes markedly. It is easily possible that difference 
in real steel surface area alone, e.g., due to type of 
finish, could cause this amount of variation (ca. | 
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part in 100). Thus, it could be assumed that the 
runs were reproducible within experimental error. 

Effect of decreasing dichromate concentration.—Runs 
were made using initial dichromate concentrations 
of 450, 400, 300, and 150 ppm. These results appear 
in Fig. 3, in which the loss of dichromate is plotted 
against time for each of the initial concentrations. 
Only one curve is drawn through points for the last 
two concentrations. Dichromate depletion was, in 
general, greater for lower initial dichromate concen- 
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Fic. 2. Reproducibility of the method. O—run 1; O—run 
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Fig. 3. Effect of initial dichromate concentration with 

1000 ppm acetic acid, 200 em® steel area, 35°C. V—150 

ppm; A—300 ppm; O—400 ppm; O—450 ppm. 


tration. The losses to the point of practical cessation 
of reaction were -14 per cent, 14 per cent, 30 per 
cent, and 67 per cent, respectively. 

Effect of increasing acetic acid concentration.—Runs 
were made using initial acetic acid concentrations 
of 1000, 2000, 4000, and 8000 ppm which gave pH 
values of 3.30, 3.19, 3.01, and 2.81, respectively. As 
expected, increasing acid concentrations accelerated 
the consumption of dichromate, except that the 
intermediate values of 2000 and 4000 ppm gave 
curves which did not deviate from each other by 
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more than 7 or 8 ppm. The curves for 1090, 2000, 
and 8000 ppm are shown in Fig. 4. Leveling off of 
the effect of acid concentration at these two values, 
followed by sharp increase in consumption at 8000 
ppm, is ascribed to an interaction of the ferric and 
acetate ions to form the ferric acetate complex. This 
complex was obviously present at the end of the 
reaction involving the 8000 ppm acid, as shown by 
the deep red color of the solution. The color was not 
visible at the other acid concentrations. 
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Fic. 4. Effect of initial acetie acid concentration with 
400 ppm dichromate, 200 cm? steel area, 35°C. O—1000 
ppm; O—2000 ppm; A—8000 ppm. 
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Effect of varying the steel surface area.—Runs were 
made with steel surface areas of 100, 200, and 400 
em’. As shown in Fig. 5, increasing the surface area 
increased the consumption of dichromate markedly, 
but the ratio of consumption values was closer to 
1:3:4 than to the 1:2:4 value to be expected from 
a linear effect. As pointed out previously, the degree 
of finish on different coupons could cause the actual 
surface area of each coupon to vary considerably 
from run to run, so that this inexact relationship 
was not unexpected. 
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Effect of temperature.—The results of an experi- 
ment at 55°C-are shown in Fig. 6, in which the dashed 
curve shows the equivalent run made at 35°C. There 
is a slight increase, about 25 per cent, in the initial 
rate of dichromate consumption, but the principal 
difference was in the failure of the curve to level off 
as it did at 35°C. 

Effect of addition of oxygen.—Air was injected into 
the solution continuously during a run in which all 
other conditions were those mentioned previously as 
“basic conditions.’’ The flow of air was maintained 
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ric. 6. Effect of temperature with 400 ppm dichromate 
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Fic. 7. Eeffeet of the presence of NaCl with 400 ppm di 
chromate, 1000 ppm acetic acid, 200 em? steel area, 35°C 
With 1000 ppm NaCl -O-, without NaCl . 


at about 15 ml per minute. After 36 hours under 
these conditions there was no measurable change 
either in dichromate concentration or pH and the 
coupons, when removed, exhibited the same polished 
surface they possessed originally. At the end of ex- 
periments, in which air was excluded, the coupons 
were covered with a dark, reddish-black film, and 
exhibited some evidences of pitting, although attack 
Was not severe in any case. Thus, the dichromate in 
conjunction with air, more specifically oxygen, served 
to inhibit the acid attack entirely. This mechanism 
Was not investigated but the effect may be attribut- 
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able to (a) still higher film pH (see below) than in 
the absence of oxygen, (b) oxide film repair, or (c) 
oxygen adsorption effects. 

Effect of addition of NaCl.—Starting with the same 
basic set of conditions, the reaction solution was 
made up to 1000 ppm in NaCl also. According to 
Fig. 7 there was little effect from the presence of 
NaCl in this concentration except for a slight de- 
crease in the rate of consumption of dichromate. 

Effect of order of addition—In this experiment a 
run was started with 4 steel coupons in a 1000 ppm 
acetic acid solution, but with no dichromate present. 
After 2 minutes, a solution containing both dichro- 
mate and acetic acid was added to the original solu- 
tion, yielding a final solution containing 1000 ppm 
acetic acid and 450 ppm dichromate. This procedure 
prevented the dichromate ions from inhibiting the 
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Fig. 8. Effect of delayed addition of dichromate solution 
with 400 ppm dichromate, 1000 ppm acetie acid, 200 em? 
steel area, 35°C. O—simultaneous; O—delayed. 
surface before the acid attack could start. The re- 
sults of this experiment are shown in Fig. 8, in which 
the top curve represents an experiment similar in 
all respects except for simultaneous addition of acid 
and dichromate. It is notable that the rate of dichro- 
mate consumption was about twice as great through- 
out for the delayed addition. Furthermore the loss 
of dichromate continued, although more slowly, in 
the latter stages of this run, whereas the slope be- 
‘ame essentially zero for the experiments with simul- 
taneous addition. 

pH Changes.—An interesting effect was noted in 
that the pH of the solutions apparently increased 
discontinuously with time of reaction. This is shown 
in Fig. 9 for four of the experiments already dis- 
cussed, The points on these curves are only half as 
large vertically as they should be, according to the 
precision of the pH measurements, in order to reduce 
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congestion. However, even with the points full scale 
the plateaus are evident. Close study of the dichro- 
mate reduction rate curves reveals that similar pla- 
teaus appear to exist. The data are not accurate 
enough to draw the curves in that manner, but the 
nature of these curves indicates a similar phenome- 
non might appear in the other rate curves. 
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Fic. 9. Change in pH of reacting solution with time, 200 
em? steel area. 

O—450 ppm dichromate; 1000 ppm acetic acid, 35°C 

O—400 ppm dichromate; 1000 ppm acetie acid, 35°C 

A—400 ppm dichromate; 2000 ppm 35°C 

V—400 ppm dichromate; 1000 ppm 55°C 


acetic acid, 


acetic acid, 


Discussion 


One of the ways in which chromates retard cor- 
rosion is by the formation of films of mixed ferric 
and chromic hydroxides which act as a mechanical 
barrier between the metal and its environment. If 
the environment is acidic, such films should be suffi- 
ciently soluble so that their formation might be con- 
sidered improbable. At pH 3.0 about 56 mg of ferric 
iron per liter must be present in order for ferric 
hydroxide to precipitate. In these experiments the 
steel coupons were the only source of iron-III ion, 
and in order to fulfill the concentration requirement 
indicated above, the attack on the metal would have 
had to be much more severe than it actually was. The 
solubility product of chromic hydroxide is slightly 
larger (10-** ys. 10-**) and a correspondingly larger 
amount of chromium-III ion could be tolerated in 
solution prior to precipitation. 

The protection eventually achieved in all of the 
systems studied, and the small actual loss of iron, 
‘an be accounted for by postulating that the pH of 
the fluid adjacent to the steel surface was greater 
than that of the main bulk of the solution. Such a 
pH differential has been mentioned before (9) and 
can be readily explained by the chemistry of the 
system as described below. 
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Reaction between hydrogen ion and iron takes 
place first, thus 


Fe (metal) + 2H+ — Fet+ + Hz (gas). 


In the presence of dichromate in acid solution the 
iron-IT ions are converted rapidly and quantitatively 
to iron-IIT ions, 


6Fet+ + Crol + 14Ht 
— 6Fet++ + 2Crt++ + 7H.0. 


Thus in the dissolution and oxidation of 6 atoms of 
iron to ferric ion the solution lost 26 hydrogen ions. 
There exists a layer of liquid next to the metal which 
is not in motion relative to the surface in spite of 
solution agitation, and it is this layer which fur- 
nishes the hydrogen ions for these reactions. The 
reactions take place much more rapidly than hydro- 
gen, ion can diffuse from the solution bulk and con- 
sequently the pH of the film adjacent to the metal 
surface rises. The acidity in this layer ean decrease 
to the point at which both ferric ion and chromic 
ion precipitate onto the metal surface as hydroxides. 
Hydrogen ions may continue to diffuse into this 
region but it is now “buffered”? by the presence of 
the insoluble hydroxide, which dissolves to some 
extent. Provided the solid film is reduced in thick- 
ness sufficiently, more iron can dissolve and the proc- 
ess repeats, but the hydroxide film grows slightly 
thicker with each cycle. Eventually a point is reached 
at which hydrogen ion is essentially unable to reach 
the steel surface and the reaction comes to a virtual 
standstill. It is likely that the first dichromate ions 
which actually reach the steel surface bring about 
a more fundamental change, e.g., passivation by 
virtue of electronic displacement, but the mechanism 
described here is suggested as a reasonable descrip- 
tion of subsequent changes. 

The best proof of the postulated mechanism would 
certainly be an actual measurement of the pH in 
the liquid film immediately adjacent to the steel. 
This was not feasible, but the results described here 
‘an be shown to support the postulate. 

The steady decrease of dichromate concentration 
with time, down to virtually constant values, is in- 
dicative of the fact that the source of iron ions is 
eventually ‘blocked off. This is substantiated by the 
consistent variation of dichromate consumption rate 
with varying initial concentration and the greater 
percentage loss at the lower concentrations. Since 
the rate of dichromate consumption was much faster 
when it was not added simultaneously with the acid 
solution (Fig. 8), it is probable that ferrous ions were 
not converted to ferric ions immediately after release 
from the steel (dichromate concentration at surface 
must build up by diffusion, also), but migrated out- 
ward into the body of the solution before reaction 
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took place. These ions then had no chance to pre- 
cipitate onto the surface. Apparently, the region of 
reaction was eventually displaced toward the steel 
surface, but more chromate was reduced and a longer 
time was reaction ceased. The 
marked increase in reduction rate with the more 
acidic solutions (Fig. 4) may mean that the film pH 
was maintained more nearly equal to solution pH 
because of the increased diffusion rate of H+. The 
reduction rate increase of only 25 per cent for a 20°C 
rise (Fig. 6) is also strong evidence for a diffusion 
controlled rate. 

The stepwise changes in pH with time (Fig. 9) 
fit the proposed mechanism of alternate decrease in 
acidity with buffering by the solid hydroxide on the 
metal surface. As a matter of fact, if the curves in 
the other figures are drawn through each point, sim- 
ilar plateaus become apparent. Such periods, during 
which dichromate was presumably not being con- 
sumed, should correspond to the periods of constant 
pH. Unfortunately, this effect was not anticipated 
and there are not enough experimental points to 
state categorically that it is real. 


necessary before 


The effect of steel surface area seems to be simply 
one of increasing the ferrous ion available for reduc- 
ing the dichromate. Finally, NaCl had little effect 
on the reduction rate, probably because the acid 
solution supplies corroding agent at a rate in excess 
of that which controls the over-all reduction process, 
Hence the salt would have little effect except to cause 
the appearance of a few more ferrous ions. 


SUMMARY 


1. Apparatus and method were described for de- 
termining the rate of reduction of dichromate ion 
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in an air-free, acetic acid solution in which steel is 
corroding. 

2. The effects of dichromate concentration, acid 
concentration, temperature, steel surface area, and 
order of addition of the chemicals, and presence of 
NaCl were studied. 

3. It was shown that dichromate can be an effec- 
tive corrosion inhibitor in these systems since the 
reduction rate eventually becomes negligible, indi- 
cating a cessation of Fe — Fe** reaction. 

4. A mechanism was presented based on high pH 
in the liquid film adjacent to the metal and control 
of the reaction rate by diffusion processes. 


Any discussion of this paper will appear in a Discussion 
Section, to be published in the December 1951 issue of the 
JOURNAL. 
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Potential-pH Diagram of Lead and its Applications to the 
Study of Lead Corrosion and to the Lead Storage Battery’ 
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ABSTRACT 


The reactions and equilibrium equations of 


the system lead-water are given in detail 


and are used in the construction of the potential-pH diagram of lead. Some important 
features of the diagram are discussed, in particular the solubilities of oxides and hydrox- 
ides and some of the important oxidation reduction reactions. A modified form of the 
potential-pH diagram of lead showing corrosion, passivity, and passivation domains 
is presented. The addition of passivation domains due to the presence of carbon dioxide 
and carbonates are determined. A modified potential-pH diagram taking into account 
the presence of sulfate in solution is also presented. Important features of the behavior 
of lead storage batteries are studied on the basis of this modified diagram. 


‘The construction of potential-pH diagrams for the 


various elements has been previously discussed (1, 2, 
3) and diagrams for iron, copper, chromium, and ni- 
trogen have been presented. A particularly inter- 
esting and important case is that of lead which is 
discussed in the present paper. Applications of po- 
tential-pH diagrams in the study of the corrosion of 
ad and in the analysis of the behavior of lead 
-torage batteries are also presented. 


CONSTRUCTION OF THE POTENTIAL-pH 


DIAGRAM 
ifs USE IN THE INTERPRETATION OF 


ELECTROCHEMICAL PROPERTIES OF 
LEAD AND LEAD COMPOUNDS 


‘THERMODYNAMIC FORMULAS 


Since the theory of potential-pH diagram has been 


discussed elsewhere (1, 2, 3) we shall only present a 
‘hort discussion of the thermodynamic formula ap- 
plied in the construction of a potential-pH diagram. 


The potential Z corresponding to the equilibrium 
«Ox + + = y Red + 2 HO (1) 


‘Manuseript received March 6, 1950. This paper pre- 


ised for delivery before the Buffalo Meeting, October 11 
‘o 13, 1950. 


is calculated by the following formula 


LAF Sx — YAF Rea — 2AF 
— 0.0591 pH 
23,070n 
ap 
+ 0.0591 lo 
n 


in which AF® are the standard free energies of for- 
mation of the reactants in calories and a the activities 
of the reactants. Formula II is valid for a tempera- 
ture of 25°C. 

The equilibrium constant K for the reaction 


pA+mH*t =qB+2zH,0 (III) 
is calculated by the following formula 
log K paFs, —_ zAF (IV) 


2.3RT 


in which 2.3 RT = 1363 calories at 25°C. When A is 
a hydroxide and B the corresponding cation the ac- 
tivity of ion B is calculated by formula 


1 pAFS — gAF% — zAFit,0 
1363 


pH 
p 


STANDARD FREE ENERGIES OF FORMATION 


All standard free energies have been obtained from 
Latimer’s book (4) except for the following cases. 
The free energy of the PbO;- — ion has been calcu- 
lated on the basis of the value Z° = 0.300 volt given 
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by Glasstone (5) for the standard potential of the 
reaction 

PbO;-~ + 2H,0 + = HPbO. + 30H- 
which leads to —66,339 cal for this free energy of 
formation. 

The free energies of PbO, Pb;Q4, and PbO, have 
heen recalculated from the data of Andrews and 
Brown (6) and of Spencer and Mote (7) by changing 
from —56,560 to —56,690 cal the free energy of 
water. The following values were used in our calcula- 
tions: AF° = —45,230 cal for PbO, AF° = — 142,730 
cal for PbjQOy, and AF° = —50,860 eal for PbOs. 

The free energy — 192,532 cal of PbSO, has been 
calculated on the basis of Latimer’s value (4), 
—(0.3563 volt for the standard potential of the re- 
action 

PbSO, +2e— = Pb + 
EQUILIBRIUM EQUATIONS 
Equilibrium equations have been calculated by 
application of formulas I to V as follows 
For Water 
(a) + 2e- = 
E = —0.0591 pll — 0.0295 log Pu, 
(b) Oz + 4+ + 4e- = 2H,0 
E = 1,229 — 0.0591 pIl + 0.0148 log Po, 
For Lead and Its Compounds 
A. Homogeneous Reactions 
Without oxidation 


(1) HPbOy + 3H* = Pb** + 2H.0 


log = —28.17 + 3.00 pH 


a pyt+ 
(2) PbO;~ + 6H* = Pb** + 


log “2 = —23.13 + 6.00 pH 


With oxidation 
(3) Pb** + = 
E 


a Pb4+ 


1.691 + 0.0295 log 


+ 


(4) PbOS~ + GH* + = Pb** + 3H.0 


E = 2375 — 0.1773 pH + 0.0295 log sro 
Ph+ + 


(5) PbOS~ + 3H* + = HPbOy + H.O 


E = 1.543 — 0.0886 pH + 0.0295 log 47%" — 

B. Heterogeneous Reactions Involving Two Solids 
With oxidation 


(6) Pb(OH), + 2H+ + 2e- = Pb + 2H,0 
E = 0.242 — 0.0591 pH 


j (a) and (6), and (1) to (27) given above. It gives: * 


February 1951 


(7) PbO, + 2H+ + 2e- = Pb + 2H,0 
E = 0.248 — 0.0591 pli 
(8) + 2H,0 + 2H+ + 2e- = 3Pb(OH), 
E = 1.101 — 0.0591 pil 
(9) + 21+ + 2e- = 3PbO, + 
E = 1.076 — 0.0591 pil 
Ph(OIDs 
E = 1.113 — 0.0591 pil 
(11) PbO, + 211+ + 2e- = PbO, + 10 
E = 1.107 — 0.0591 pli 
(12) 3PbO, + + 4e- = + 211,0 
E = 1.122 — 0.0591 pli 


(10) PbO, + 211+ + 2e- 


C. [eterogencous Reactions Involving One Solid 
Without oxidation 


(13) Pb(OH), + 2H+ = Pbht+ + 211.0 
log dy,** = 12.46 — 2.00 pil 
(14) HPbO.- + Ht = Pb(OH), 
log Guro, = —15.68 + 1.00 pil 
(15) PbO, + 2H* = Pb + H,O 
log dy,** = 12.67 — 2.00 pil 
(16) HPbO.- + = PbO, + H,O 
log Qupno, = —15.49 + 1.00 pli 
(17) PbO, + 4H* = Pbt* + 2H,0 
log ay,** = —7.10 — 4.00 pli 
(18) PbO ;-- + 2H*+ = PbO, + H,O 
log @y,o,~ ~ = —30.24 + 2.00 pil 


With oxidation 


(19) Pbt+ + 2e- = Pb 


E = —0.126 + 0.0295 log ap’ | 


(20) HPbOs + + 2e— = Pb + 211,0 


E = 0.706 — 0.0886 pH + 0.0295 log aymoy "| 


(21) PbO + + = Pb(OH). + H.O 
E = 2.007 — 0.1182 pH + 0.0295 log apo.” 
(22) PbOs-- + 4H*+ + = PbO, + 2H.O 
E = 2.001 — 0.1182 pH + 0.0295 log apro,-” 
(23) + 8H+ + 2e- = 3Pb++ + 
E = 2.200 — 0.2364 pH — 0.0886 log ap,* 
(24) Pb;O, + 2H,0 + 2e- = 3HPbO.- + H+ 
E = —0.297 + 0.0295 pH — 0.0886 log aypioy * 
(25) 3PbO;-- + 10 H+ + 4e- = + 
E = 2.463 — 0.1477 pH + 0.0443 log apo, 
(26) PbO. + 4H+ + 2e- = Pbt++ + 2H,0 
E = 1.482 — 0.1182 pH — 0.0295 log ap.’ 
(27) PbO. + H+ + 2e- = HPbO.- 
E = 0.649 — 0.0295 pH — 0.0295 log aypio; ? 


DESCRIPTION OF THE POTENTIAL-pil 
DIAGRAM OF LEAD 


Fig. | has been established on the basis of formuls 
fairly complete picture of the various thermody “ 


namic equilibria of the system Pb—-H,0 at 25°C. Fr ° 
the sake of simplicity the domain of stability : 


Pb(OH)., which is slightly larger than that of r ‘° 
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PhO has not been represented. The domain of Pb:O; 
whose equilibrium properties are insufficiently known 
js not represented. When one ion is involved in a 
reaction, the equilibrium condition is represented for 
values of the activity of this ion equal to 1, 10-°, 
10, and 10-6 When two ions are involved in a 
reaction, the equilibrium condition is es for 
, ratio of their activities equal to 1. 

‘The domains of predominance of lead and its vari- 
ous derivatives, i.ec., ions, oxides, and hydroxides, 
can be interpreted as follows. Line 19 for example 
represents the equilibrium between Pb** ion and 
metallic lead. A point located below line 19 (—6) cor- 


2845, 


a 


POTENTIAL E 


YET 
pH 

Fic. 1. Potential-pH diagram of lead. The area between 
lines a and b corresponds to thermodynamic stability of 
water, Thin lines represent equilibrium conditions between 
« solid phase and an ion at activities 1, 10-%, 10-4, 10-6. 
lleavy lines represent equilibrium conditions between two 
solid phases. Dotted lines represent equilibrium conditions 
between two ions for a ratio of activities of these ions equal 
to unity. In this and subsequent figures circled figures and 

letters refer to the corresponding equations in the text. 


responds to a Pb** activity smaller than 10~® while a 
point located above 19'(0) corresponds to a Pbt++ 
activity larger than 1. Therefore, the domain below 
ine 19 (—6) essentially corresponds to the stability 
of metallic lead since the equilibrium activity of 
’b** ion is smaller than 10-*. Similarly the domain 
sbove line 19 (0) corresponds to the stability of Pb++ 
jon, 
The following domains of predominance are shown 
in Fig. 1. 
?b: below lines 19, 7, 20. 
PbO (also approximately Pb(OH),): limited by lines 
7,9, 15. 
PhOs: limited by lines 12, 17, 18, 26, 27. 


Pb;O4: limited by lines 9, 23, 24, 12. 
Pb**: limited by lines 3, 15, 19, 23, 26. 
Pb**: limited by lines 3, 17. 
HPbO.--: limited by loon 2 5, 16, 20, 24, 27. 
PbO; ~: limited by lines 5, 18. 

lig. 1 shows, among other things, that’ metallic 
lead, usually stable in presence of aqueous solutions 
free of oxidants, can be dissolved in oxidizing acid 
solutions with the resulting formation of divalent 
plumbous ions Pb**. A very strong oxidizing action 
may transform these Pbt+ ions directly into the 
brown tetravalent lead peroxide PbO, which is insolu- 
ble in neutral or moderately acid solutions, slightly 
soluble in strongly acid solutions with the resulting 
formation of plumbic ions Pb*‘, and very soluble in 
strongly alkaline solutions with the resulting forma- 
tion of plumbate ions PbO;- ~. 


6 8 10 12 14 
pH 


Fig. 2. Solubility of lead oxide and lead hydroxide as a 
function of pH. 


Lead hydroxide Pb(OH), and the oxide PbO ex- 
hibit a minimum of solubility at pH = 9.4 at which 
the concentration is 10~-°* gram ion per liter or 0.33 
mg of lead per liter in the case of red PbO, and 
10-*-° gram ion per liter or 0.21 mg of lead per liter 
in the case of Pb(OH)s. This is shown in Fig. 2 which 
has been constructed by plotting the logarithm of the 
total lead activity (ap,++ + dypro,) against pH. 
Both PbO and Pb(OH): dissolve in acid solutions 
with formation of Pb** ion and in alkaline solutions 
with formation of biplumbite ion HPbO, and, to a 
lesser extent, plumbite PbO,-~. The latter ion has 
not been represented on the diagram because of the 
lack of precise thermodynamic data. 

The oxidation of PbO, of Pb(OH)s, and of alkaline 
solutions of Pbt+ can lead to Pb3;0,, to PbOs, and to 
solutions of tetravalent lead under the form of plum- 
bate PbO;-~. In very alkaline media Pb,O; can also 
be formed. This oxide has not been represented on 
the diagram. 
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The dissolution of Pb.O; in alkaline solutions ac- 
cording to the reaction 

+ 30H--=HPbOs + PbO; + 
which has been studied by Glasstone (4) leads to 
solutions containing equal amounts of the ions 
HPbO. and PbO;-~ whose equilibrium character- 
istics are represented by line 5. The oxide PbO, and 
plumbate solutions are stable in presence of alkaline 
solutions free of reducing agents because of the fact 
that, at pIT values higher than 7, lines 26 and 27 are 
below line b which corresponds to the oxidation of 
water to oxygen. In presence of acid solutions PbO, 
is thermodynamically unstable under atmospheric 
pressure since, for such solutions, the 26 lines are 
under line 6; PbO. then tends to reduce into plum- 
bous ions Pb**, water being decomposed with libera- 
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Fic. 3. Corrosion, passivity, and passivation of lead as 
deduced from Fig. 1. 


tion of oxygen. The latter reaction, however, in- 
volves a large overvoltage and this circumstance 
favors the stability of plumbic salts. 

Fig. 1 also shows that lead can generally be used as 
an electrolytic anode at pH values between 0 and 12, 
in which case it covers itself with PbO.. 

Metallic lead is thermodynamically stable in pres- 
ence of neutral or alkaline solutions free of oxidants 
since, in such solutions, a portion of the domain of 
stability of lead is above line a. In acid solutions 
under atmospheric pressure lead generally tends to 
decompose water with evolution of hydrogen, in 
which case its potential exhibits a value between 
those of line a and those of the line of the 19 group 


which corresponds to the lead concentration of the. 


solution. This decomposition of water by lead is, 
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however, usually very slow on account of the high 
overvoltage of hydrogen on lead (8). 


APPLICATION OF THE DIAGRAM TO TIE 
STUDY OF THE CORROSION OF LEAD 


In the present section of this paper, as well as in 
the next one, equilibrium diagrams are used in the 
study of phenomena which in practice may be sub- 
ject to irreversible conditions. Nevertheless consid- 
erations based upon equilibrium theory are useful, 
indeed fundamental, since they give us the limits 
within which these corrosion phenomena can take 
place. 


CorROSION OF LEAD IN THE ABSENCE OF DISSOLVED 
CarBON DioxipDE 


On Fig. 3 we have drawn the lines for which the 
total solubility of lead and its oxides under the form 
Pb++ + HPbO- + PbO;-~— has the value gram 
atom of lead per liter (0.207 milligram Pb/liter). 
The lines are considered as separating the domain of 
corrosion from the domain of passivity which cor- 
responds to the metallic lead area and from the do- 
main of passivation corresponding to the lead dioxide 
area (See Fig. 1 and 2). 

We use the terms passivity or passivation accord- 
ing to whether the protected surface is essentially 
metallic and cannot corrode or consists of a protec- 
tive coating of oxide or other adherent compound. 
In the present case the distinction between passivity | 
and passivation is a particularly clear one and there is 
no doubt that the use of both terms is advantageous. 

This corrosion diagram of lead indicates that, in 
the absence of passivating substances (e.g., carbon- 
ates), any oxidizing action can cause the corrosion of 
lead except at the high potentials which correspond 
to the stability of lead dioxide PbO:. As stated by | 
Schikorr (9) lead oxide (PbO) is too soluble to give 
any protection to lead. 

In the absence of complexing ions (e.g., tartrates) 
lead can be cathodically protected if its potential is 
lowered below about —0.3 volt in acid or neutral 
solutions or below —0.3 to —0.8 volt according to 
pH in alkaline solutions. 


CoRROSION OF LEAD IN PRESENCE OF CARBONIC! 
Acip AND Its Ions 


In presence of aqueous solutions containing car-+ 
bonates and bicarbonates lead may form lead car-- 
bonate PbCO,; whose conditions of stability with re-- 
spect to metallic lead, its oxides, and its ions are” 
given by formulas (30) to (46) below. For the sakeet 
of simplicity conditions of stability of basic carbon-- | 
ates are not included. 
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Reactions and Equilibrium Conditions 
{. Homogeneous Reactions without Oxidation 


2s) + = 


Aii,CO, 
CO;~ + H* = HCO; 
log = —1034 + pH 
auco;~ 


i. Heterogeneous Reactions Involving Two Solids and 
with Oxidation 


30) PbCO; + H,O = Pb(OH). + CO2(g) 
log Poco. = —7.15 
31) PbCO; = PbO + CO, (g) 
log Poco, = —7.36 


32) PbCO;+ 2H* + 2e- = Pb + CO, (g) + HO 
E = 0.031 — 0.0591 pH — 0.0295 log Peo, 
(33) PbCO; + 2H* + 2e— = Pb + HCO; 
E = 0.012 — 0.0591 pH — 0.0295 log ay,co, 
(34) PbCO; + Ht + 2e- = Pb + HCO;- 
E = —0.200 — 0.0295 pH — 0.0295 log ayco,~ 
(35) PbCO; + = Pb + 
E = —0.506 — 0.0295 log aco,~ ~ 
(36) PbO, + (g) + 4H+ + 2e- 
= PbCO, + 2H.O 
E = 1.324 — 0.0591 pH + 0.0295 log Peco, 
37) PbO. + HeCO; + 2H*+ + 2e- 
= PbCO; + 2H,0 
E = 1.367 — 0.0591 pH + 0.0295 log ay.co; 
(38) PbO. + HCO;- + 3H*+ + 2e- 
= PbCO; + 2H,0 
E = 1.555 — 0.0886 pH + 0.0295 log ayco,~ 
(39) PbO, + CO;-~- + 4H+ + 2e- 
= PbCO,; + 2H,0 
E = 1.861 — 0.1182 pH + 0.0295 log aco,~~ 


(. Heterogeneous Reactions Involving One Solid and 
without Oxidation 


0) Pbt* + CO (g) + H.0 = PbCO; + 2H+ 
log ap,** = 5.31 — 2.00 pH — log Peo, 
il) HPbO- + CO, (g) + H+ = PbCO; + H,O 
log Gupvo; = —22.85 + pH — log Peo, 
(42) Pb*+* + H,CO; = PbCO; + 2H+ 
log ap,*+ = 3.87 — 2.00 pH — log ay,co, 
3) Pb** + HCO; = PbCO; + 
log ap,t+ = —2.50 — pH — log ayco,~ 
(44) Pb*+ + CO;-- = PbCO; 
log = —12.85 — log aco,~~ 
(45) IIPbO + HCO;- + 2H+ = PbCO; + 2H.0 
log Auproy = —30.67 + 2.00 pH — log axco, 
46) HPbO, + CO;-- + 3H+ = PbCO,; + 2H.0 
log dypbo,” = —41.01 + 3.00 pH — log dco, ~ 
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Corrosion Diagram of Lead in Presence of Carbon 
Dioxide 

The influence of pH on the solubility of lead car- 
bonate is shown in Fig. 4 for activities or concentra- 
tions of total CO, (i.e., HxCO; + HCO; + CO;-~) 
varying from 10~-* to 1 mole per liter, and in Vig. 5 
for partial pressures of CO, varying from 10~* to 1 
atmosphere. The intersections of the horizontal line 
of ordinate 10~® of Fig. 4 with the solubility curves of 
lead carbonate give the pH values corresponding to 
the boundaries between corrosion and its essential 
absence for various amounts of total CO,. The addi- 
tional domains of passivation resulting from the pres- 


~ 105 


Fic. 4. Solubility of lead carbonate as a function of pH 
for a pressure of carbon dioxide varying from 1 to 10-¢ 


‘atmosphere. The number indicated on each curve cor- 


responds to the value of log Pco,. 


ence of CO, are represented in Fig. 6 which is easily 
drawn on the basis of Fig. 1 and of the information 
obtained from Fig. 4. A similar diagram could be 
established from Fig. 1 and 5, the additional domains 
of passivation corresponding then to various pres- 
sures of 

The data shown in Fig. 6 indicate that minute 
traces of CQO, in air suffice to cause the formation of 
lead carbonate in slightly alkaline solutions. This 
lead carbonate forms a protective layer on the metal 
which, in the absence of activating ions such as 
chloride, passivates the lead and protects it against 
corrosion. 

It is well known (10) that, while distilled water 
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Fic. 5. Solubility of lead carbonate as a function of pH 
for a total activity au,co, + auco,;- + aco,-- varying 
from | to 10-*. The number indicated on each curve corre- 
sponds to the value of log (au,co; + auco,- + aco,--). 
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Fic. 6. Corrosion, passivity, and passivation of lead in 
presence of carbon dioxide, bicarbonate, and carbonate ions. 
Heavy lines correspond to log (an,co, + aHco;- + ) 


= 0. The passivation domain limited by thin lines corre- 


sponds to log (au,co, + aHco,;- + aco,--) equal to0, —1, 
—2,—3, —4, and —5. 


and rain water corrode lead, this metal is not cor- 
roded by waters containing bicarbonates but suffi- 
ciently free of aggressive CO». Fig. 6 gives a direct 
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explanation of the fact that addition of CO: to raj; 
water is not usually sufficient to render this wate; 
nonaggressive toward lead because the resulting pl! 
is often too low (5.5 or less). On the contrary, go 
protection of lead can be accomplished if CQO, j. 
added to water at a pH close to 8 or 9, i.e., when CQ 
is added as bicarbonate. 

Fig. 6 also shows that, on the basis of the view. 
presented here, a certain passivating action could |, 
expected to occur even at very low carbonate any, 
bicarbonate contents of the water, e.g., 1O-> gran 
ion or | part per million of CaCOs, at pIL values « 


9 to 10. At higher carbonate contents these pI limit. 
are widened in both directions and chiefly towar 


neutrality. 

Solutions having a pI of 7 are probably passivat 
ing when the amount of dissolved COy is higher thar 
10-3-* mole per liter, i.e., 40 parts per million « 
CaCO ;. The equilibrium pressure of COs: is the: 
10-*7 atmosphere corresponding to 0.2 per cent « 
CO, in air. It is unlikely that carbonates could caus 
passivation of lead when the pH is higher than |; 
because of the impossibility of obtaining sufficient); 
concentrated solutions. 


APPLICATION OF THE DIAGRAM TO THE 
STUDY OF THE LEAD STORAGE 
BATTERY 

When the sulfate ion is present additional equi 
librium conditions have to be taken into account 
These are equations (47) to (57) as follows. 


A. Homogeneous Reaction without Oxidation 
(47) + H* = HSO; 


leg 


= —1.92 +p 
aso, 


B. Heterogeneous Reactions Involving Two Solids an 
with Oxidation 


(48) PbSO, + H+ + 2e- = Pb + 
E = —0.300 — 0.0295 pH — 0.0295 log ayso, 
(49) PbSO, + 2e—- = Pb + SO - 
E = —0.356 — 0.0295 log ago,” 
(50) Pb;O4 + + 8H* + 2e- 
= 3PbSO, 4H: 
E = 2.912 — 0.2364 pH + 0.0886 log dso, 
(51) PbO, + + 3H* + 2e- 
= PbSO, + 2H 
E = 1.655 — 0.0886 pH + 0.0295 log duso, 
(52) PbO.+ + 4H* + = PbSO, 4+ 2H: 
E = 1.712 — 0.1182 pH + 0.0295 log ago, 
C. Heterogeneous Reactions Involving One Solid 
Without oxidation 


(53) Pb*++ + HSO, = PbSO, + Ht 
log ap,** = —5.87 — pH — log ayw 


POTENTIAL 


fate 
rome 
lig 
chi 
of | 

| 
tot; 
apy 
—( 
sta 
sol 
1.¢. 
lea 
lite 
val 
cre 
IIs 
the 


OF Th 
| | ] 
| the 
| | der 
@ ing 
9 | | 13 
P | 
-( 
| 
WW 
onl 06 | 
044 


HS) 


Vol. 98, No. 2 
Pbtt + = PbSO, 
log ap,*+ = —7.79 — log dgo,~ ~ 
35) HPbO + + 3Ht = PbSO, + 2H,0 
log = — 35.96 3pH log dso, 


ith oxidation 
3h) Pot! + + = PbSO, + Ht 
= 1.865 + 0.0295 + 0.0295 log 
(57) PbOs- > + + + 2e7 
PbSO, + 3110 

= 2.344 — 0.1773 pil + 0.0295 log ~ 

lig. 7 has been constructed on the basis of formu- 
las (1) to (27) and (47) to (57). It gives a picture of 
the various thermodynamic equilibria of lead and its 
derivatives in presence of aqueous solutions contain- 
ing a total sulfate activity @ys0,” + Gso,~ ~ equal to 
| ion gram per liter. Comparing this figure with 
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0' 2345 678689 OU 
lic. 7. Potentiai-pH diagram of lead in presence of sul- 


fate ion. Same notations as Fig. 1. Note that line 52 is er- 
roncously indicated as line 57. 


lig. 1, one observes that the presence of sulfate 
chiefly results in a considerable domain of stability 
of lead sulfate PbSO,. 

Fig. 7 shows that, in presence of solutions with a 
total sulfate activity of 1, Pb and PbSO, are in equi- 
librium for a potential which, at pH values between 
approximately 3 and 10, has a very definite value of 
—(.356 volt. In the whole portion of the domain of 
stability of PbSO, for which the lead and sulfate in 
solution exist essentially as Pb*++ and SO” ~ ions, 
i.e., at pH values between 3 and 9, the stability of 
lead is constant and equal to 10-779 gram atom per 
liter (or 0.0033 milligram of Pb per liter). At pH 
values lower than 3 the solubility of lead sulfate in- 
creases on account of the formation of bisulfate ion 
ISOs, reaction (48). At pH values higher than 9 
the solubility of lead sulfate increases on account of 
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the formation of biplumbite ion HPO. At pH = 
9.4 the amounts of HPO. and Pb*+ are equal to 
each other and at pH = 10.0 the total amount of 
lead in solution is 10-* gram atom per liter or 0.21 
milligram per liter. 

At pH = 10.2 PbSO, ceases to constitute the ther- 
modynamically stable solid phase in presence of a 
molar activity of SO > and it tends to transform 
itself into PbO or Pb(OH), or into some basic salts 
which we have not included in our study. 

The Pb-PbSQ, electrode in solutions of total sul- 
fate activity equal to 1, whose equilibrium charac- 
teristics are represented by lines 48-49, is thermo- 


TABLE I. Lead storage battery with 1 molar sulfate 


| Potentials volts | | Pb concentration 
pH | | emf volts | 
| + pole | — pole | + pole — pole 
| 1.742| -0.27 2.017| 1657 | 2.6? 
0 1.65 1.95 | 0.26 | 0.26 
1 | 1.56 —0.33 | 1.89 | 0.026 | 0.026 
2 | 1.47 | —0.36 | 1.83 | 0.0065) 0.0065 
7 iis | —0.36 | 1.71 | 0.0033) 0.0033 
4 | 1.24 | -0.36 | 1.60 0.0033) 0.0033 
5 | 1.12 | —0.36 | 1.48 0.0033, 0.0033 
6 | 1.00 —0.36 1.36 0.0033) 0.0033 
7 | 0.88 | -0.36 | 1.24 | 0.0033, 0.0033 


TABLE II. Lead storage batteries with various 
concentrations of sulfuric acid 


PL 
concentra- H | 
tion P 
| | + pole pole | calc. | expt. pole 
0.1 | 1.03) 1.535 |-0.301 1.84] — 0.2 0.2 
0.5 | 0.48) 1.603 |-0.305 1.91) — 0.2 0.2 
1 | 0.20) 1.656 \— 0.309) 1.96 | 1.919 0.2 | 0.2 
2 \—0.06) 1.669 |—0.307) 1.98 | 1.971 | 0.2 | 0.2 
3 |—0.30! 1.696 2.00 2.014 0.5/0.2 
4 '—0.46) 1.714 |—0.304) 2.02 | 2.053 | 1.3 0.2 
5 —0.60) 1.728 0.303 2.03 | 2.090 | 4.3 | 0.2 
6 1 


/743 |—0.301| 2.04 | 2.123 | 14.0 | 0.3 
| | 


dynamically stable in water under atmospheric pres- 
sure only for pH values between 6.0 and 10.2. At pH 
values lower than 6.0 this electrode tends to decom- 
pose water with evolution of hydrogen. However, 
this decomposition is very slow, and even negligible. 
on account of the high hydrogen overvoltage on lead 
[see, for instance, Creighton (8)]. 

At the high potentials corresponding to lines 51-52 
the sulfate PbSO, is in equilibrium with PbO, in 
presence of 1 molar sulfate solutions. Along the por- 
tion of 52 between about pH = 3 and pH = 9 the 
amount of lead in solution is constant at the same 
small value (0.0033 milligram per liter) already men- 
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tioned above in connection with the Pb-PbSO, elec- 
trode. At pH values lower than 3 the amount of lead 
in solution increases on account of the transforma- 
tion of sulfate into bisulfate-ions. This results in an 
increase of Pb+* ion concentration to 10~® gram ion 
per liter or 0.21 milligram per liter at pII 0.1 and, at 
still lower pIL values, plumbie ions Pb** are formed. 
At plIl values higher than 9 the amount of lead in 
solution increases on account of the formation of bi- 
plumbite ions HPbO,-. 

The PbO.-PbSO, electrode in 1 molar sulfate solu- 
tions, whose equilibrium characteristics are repre- 
sented by lines 51-52, is thermodynamically stable 
in presence of water under atmospheric pressure only 


for pH values between about 7.9 and 10.0. At pIL. 


values below 7.9 this electrode tends to decompose 
water with evolution of oxygen, but it is most likely 
that this decomposition is very slow. 


Leap SToraGe LBatrery 

lig. 7, as well as similar diagrams which could be 
drawn for other sulfate concentrations, is useful in 
the study of the behavior of the lead storage battery 
since the equilibrium characteristics of the two elec- 
trodes of the battery are represented by lines 48-49 
(Pb-PbSO, electrode, negative pole) and by lines 
51-52 (PbO,-PbSO, electrode, positive pole). Both 
electrodes are dipping in solutions saturated with 
PbSO,. 

The amount of dissolved lead, which is extremely 
low at pH values higher than 3 (10-77* gram ion per 
liter or 0.0033 milligram per liter) increases as the 
pH diminishes (10-*° gram ion per liter or 0.21 milli- 
gram per liter at pIl = 0.1). 

With the more acid solutions, which are used in 
practice in storage batteries, the solubility at the 
positive pole is greater than that at the negative 
pole on account of the dissolution of PbO» into plum- 
bie ions Pb** which are not present in any appre- 
ciable amounts in less acid solutions. 

The electromotive force of the storage battery, 
which is equal to the difference between the poten- 
tials of the two electrodes, is measured by the verti- 
cal distance separating the lines 48-49 from the lines 
51-52. Table I gives, at different pH values, the po- 
tentials of the two electrodes, the electromotive force 
and the lead concentrations around the two elec- 
trodes in solutions of molarity 1 in HSO;- + SO, 
Differences between concentrations and activities are 
neglected and the concentrations of lead are approxi- 
mate, particularly at pH = —1. Table I shows that 
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storage batteries should be used with as high , 
acidity as possible. 

Table II gives the characteristics of batteries fun, 
tioning at various concentrations of sulfuric ae; 
calculated from formulas 48 and 51.7 In addition ; 
the calculated electromotive forces we give the 
perimental values of Harned and Hamer (11) , 
quoted by Latimer (4). Their approximate charact;- 
is sufficient for these calculations which neglect 4), 
differences between concentrations activitic 
The Table shows that the calculated electromotiy, 
forces agree rather well with the experimental value. 
One also notices that an increase of acidity above: 
molar causes a rapid increase of the amount of «i: 
solved lead around the positive pole on account of t), 
dissolution of as ions. 
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Potential-pH Diagram of Silver 


Construction of the Diagram—Its Applications to the Study of the Properties of 
the Metal, its Compounds, and its Corrosion' 
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ABSTRACT 
On the basis of methods and conventions previously described (1) and using the avail- 


able thermodynamic and electrochemical data, the potential-pH diagram of silver has 


been constructed. A derived diagram showing domains of corrosion, passivity, and pas- 
sivation is also presented. 


REACTIONS AND EQUILIBRIUM CONDITIONS 


‘The free energy values used in the present paper 
are those given by Latimer (2) except in the follow- 
ing Cases: 

1. For the ion AgO*+ the E° value estimated by 
Latimer (2) for the reaction 


AgO* + 2H+ + e— = Agt* + 


is 2.1 volts. The corresponding AF® of AgO* is 54,907 
calories (calculated with more figures than are sig- 
nificant for convenience in the construction of the 
diagram, observation of intersection requirements of 
certain lines, ete.). 

2. For the oxide Ag.O; the E° given by Latimer (3) 
on the basis of the work of Luther and Pokorny (4) 
for the reaction 


AgiO; + 1,0 + 2e- = 2AgO + 20H- 


is 0.74 volt. The corresponding AF°® of Ag2O; is 20,864 
calories. The same remark as that made for AgO* 
applies here. Both AF° values are uncertain. 
We have the following reactions and equilibrium 
conditions: 
For WaTER 
(a) 2H+ + 2e- = Hz 
E = —0.0591 pH — 0.0295 log Px,: 
‘b) + 4H+ + = 2H.O 
E = 1.229 — 0.0591 pH + 0.0148 log Po,: 


‘Manuscript received April 13, 1950. This paper pre- 


pared for delivery before the Buffalo Meeting, October 11 
to 13, 1950. 


For SiLtvER 
A. Homogeneous Reactions with Oxidation 


(1) Ag’? +e = Ag* 


E = 1.939 + 0.0591 log ““*** 


ag 

(2) AgO* + 2H* + 2c = + 
E = 2.019 — 0.0591 pH + 0.0295 log “**°" 
Agt 


(3) AgO* + 2H* + e& = Ag*t* + H,0 


E = 2.100 — 0.1182 pH + 0.0591 log vaso 


Ag 
B. Heterogeneous Reactions Involving Two Solids 
with Oxidation 
(4) AgsO + 2H+ + 2e- = 2Ag + HO 

/ E = 1.173 — 0.0591 pH 

(5) 2AgO + 2H+ + 2e- = Ag,O + H,0 
/ E = 1.398 — 0.0591 pH 

(6) AgeO; + 2H*+ + 2e- = 2AgO + H,O 
E = 1.568 — 0.0591 pH 


C. Heterogeneous Reactions Involving One Solid 


without oxidation 


(7) + = 2Agt + H.O 
log dag+ = 6.32 — pH 
2Agt+ + 2H.0 
log Gag++ = —2.83 — 2 pH 
2AgO* + H,O 
log Gagot = —11.82 — pH 


(8) 2AgO + 4H+ 


(9) + 2H* 


are 
in; 
Lis 
is. 
Ch 
ce 
i 
’ 
Cu 
if 
tly 

' 
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‘ 

(4) 
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With oxidation 


(10) Ag++e = Ag 
E = 0.800-+ 0.0591 log aag+ 
(11) Agt+ + = Ag 
E = 1.369 + 0.0295 log aay++ 
(12) 2AgO + 411+ 4+ = 2Agt+ + 2H.O 
E = 1.771 — 0.1182 pH — 0.0591 log aa,+ 
(13) 2AgO+ + 2e7 = 2AgO 
E = 2.267 + 0.0591 log dayo* 
(14) AgeoOs + GIT+ + 4em = 2Agt + 311.0 
E = 1.670 — 0.0887 pl — 0.0295 log a,,+ 


22 


POTENTIAL 


P 

Fic. 1. Potential-pH diagram of silver at 25° C. The area 

between lines a and 6 corresponds to thermodynamie sta- 

bility of water. Thin lines represent equilibrium conditions 

between a solid phase and an ion at activities 1, 10-2, 10-4, 

10°*. Heavy lines represent equilibrium conditions be- 

tween two solid phases. Dotted lines represent equilibrium 

conditions between two ions for a ratio of activities of 

these ions equal to unity. Cireled figures and letters refer 
to the corresponding equations in the text. 


(15) AgsOs + GHt + 2e- = 2Agt+ + 31.0 


DESCRIPTION OF THE PoTENTIAL-pIT DIAGRAM 


Fig. | has been established on the basis of equi- 
librium conditions (1) to (15) and represents the 
circumstances of thermodynamic equilibrium of the 
system Ag-H,O at 25°C. The information given in 
this diagram concerning the oxide of trivalent silver, 
Ag,O;, and the ions Ag*+ and AgOt, should be re- 
garded as provisional. 

Metallic silver, generally stable in presence of 
aqueous solutions deprived of complexing substances, 
such as cyanides, ammonia, sulfite, and thiosulfate 
ions, can be dissolved by acid oxidizing solutions 
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with the resulting formation of colorless univalen 
silver ions Ag*. 

In neutral or moderately acid solutions strong oxi- 
dants, as ozone and persulfates, oxidize solutions oj 
silver ion Ag* with the resulting formation of black 
peroxides AgO and AgeO; which are unstable in pres. 
ence of water and decompose it with evolution of oxy. 
gen. The corresponding ions Ag*t* and AgO* prob. 
ably do not exist in solution at any pI according to 
equations (8) and (9), although complexes of the 
Agt* ion have been reported in nitric acid solution, 
(5-9). These solutions, whose potential is close t 
1.9 volts, are strong oxidants. As has been shown by 
Noyes and his collaborators, they oxidize HO, to 
O., Mn** to Ce** to Ce**, VOt* to 
1Oy-, NH4* to Nz and nitrogen oxides (5-9). 


2+ +2 
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2 o8 +08 
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§678 9 
Fig. 2. Conditions of corrosion, passivity, and passiva 

tion of silver as determined from the potential-pH diagran 
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In presence of definitely alkaline solutions, metalli 
silver is entirely stable. With an oxidant present, ii 
then covers itself with a protective coating of brows 
Ag.O. 

The anodic polarization of silver in presence of é 
solution of sodium hydroxide leads first, as has beet 
shown by Hickling and Taylor (10) on the basis of ar 
oscillographic method, to the formation of a protec: 
tive film of Ag,O. This film seems to appear at poten 
tials practically equal to those given by line 4 corre 
sponding to the equilibrium Ag/Ag,O. 

At potentials higher than those given by lines: 
and 6 (for instance 0.88 volt at a pH around 13. 
the Ag,O film covers itself with an unstable peroxit 
possibly Ag,O;, which decomposes with formation | 
AgO. During this decomposition the potential « 
creases and stabilizes itself in the neighborhood : 
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ined. The anode is then apparently covered with a 
mixture of Ag,O and AgO and evolution of oxygen 
occurs at its surface. In less alkaline solutions, of pH 
Jess than 9, anodic passivation of silver is imperfect 
and the metal dissolves (10). 

€Jectrolysis of solutions of silver ion Ag*t under 
sutfciently low current density with a silver anode 
Jeads to anodic dissolution of silver as Agt ion ex- 
dusively and toa quantitative cathodic deposition of 
the metal without any risk of secondary reactions. 
Theseronditions are those encountered in the perfect 
behavior of silver coulometers. Copper coulometers, 
a¢is well known, do not fulfill these conditions. 

€lectrolysis of solutions of silver ion Agt under 
high current density, with a sufficiently high anodic 

tential, may lead to a deposition of black peroxides 
AgO and AgsO; on the anode. These peroxides are 
unstable in presence of water and decompose it with 
evolution of oxygen when the electrolysis current is 
interrupted. 


AeviicaTioN OF THE PoTENTIAL-pH TO 
yHE STUDY OF THE CORROSION OF SILVER 


Fig. 2 has been deduced from Fig. 1 on the basis 
ef conventions previously presented (1). In particu- 
faric has been assumed that an ionie concentration 
of 10 © gram-ion per liter represents the boundary 
belwewn corrosion and its absence. It should also be 
vecalll that the term passivity applies to the re- 
gifapce to corrosion exhibited by uncoated metallic 
$ataces while the term passivation applies to the 
veadance to corrosion provided by coatings of in- 
gelubile oxides or other compounds. 

Fig. 2 shows that, in the absence of complexing 
substances (cyanide, ammonia, sulfite, thiosulfate, 
efe.), no corrosion of silver could possibly occur in 
sufficiently alkaline solutions. Sufficiently strong oxi- 
dan¥s «un corrode silver in neutral or acid solution. 
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By comparing the positions of lines b and 10 one sees 
that, on the basis of thermodynamic predictions, 
metallic silver should reduce oxygen with formation 
of Ag* ions. This reaction does not occur to any 
detectable extent because, as has been shown by one 
of.us (11), the reduction of O, on a silver electrode 
involves a high overvoltage. 
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Electronic Insirumentation for Overvoliage Measurements’ 


Dimirrios STaicorpouLos, ERNest YBAGER, AND FRANK Hovorka 


Department of Chemistry, Western Reserve University, Cleveland, Ohio 


ABSTRACT 


Klectronie instrumentation has been developed for the measurement. of overvoltage 
hy the commutator or indirect method. With this apparatus current may be interrupted 
for periods ranging in length from 5 microseconds through one-half the repetition rate 
for repetition rates from 20 sec™! through 3000 sec~'. Potential measurements may be 
made at any time while current is either off or on during periods as short as 5 micro- 
seconds. Typical accuracy of the potential measurements is + 5 mv for measurement 
periods of 5 microseconds duration at a repetition rate of 1000 sec!. The potential 
measurements involve the use of a gated-bridge null detector in conjunction with an 


ordinary potentiometer. 


INTRODUCTION 


Two methods are available for overvoltage meas- 
urements (1): the direct method and the indirect or 
commutator method. With the direct method, the 
potential of the polarized electrode is measured 
against a reference electrode while current is flowing. 
To minimize any ohmic voltage drop in the measured 
potential, the tip (Luggin capillary) of the solution 
bridge connecting the compartment of the polarized 
electrode to that of the reference electrode is pressed 
against the surface of the polarized electrode. With 
the commutator method, measurements are made 
while the current is interrupted for a short period 
and a Luggin capillary is not necessary. 

In the past some controversy has existed concern- 
ing the reliability of the commutator method because 
of the difficulty in extrapolating the measured values 
back to the instant when the current is interrupted. 
In 1937, Hickling (2) constructed an electronic com- 
mutator with which measurements can be made with 
a precision of 10 mv at the end of interruption periods 
with a lower limit of 50 microseconds. Because of 
the rapid decay of hydrogen overvoltage on many 
metals during the first few microseconds, the extrapo- 
lation from 50 microseconds to zero time is difficult, 
particularly in view of a precision of 10 mv for each 
measurement. Results (3) obtained with this equip- 
ment, however, have been found to be in general 
agreement (20-30 mv) with the measurements of 
Bockris (4) who used the direct method. Since the 
errors associated with the two methods are expected 
to act in opposite directions, this has served to estab- 
lish confidence in both methods. 


‘ Manuscript received August 14, 1950. This paper pre- 
pared for delivery before the Cleveland Meeting, April 19 
to 22, 1950. The work reported herein has been partially 
supported by the Office of Naval Research under Contract 
No. N7 onr 47002, Project No. NR 051 162. 


DESIGN AND CONSTRUCTION 


In designing equipment for the measurement of 
overvoltage by the commutator method, the authors 
have attempted to incorporate the following features: 

1. An interruption period of variable length with 
a lower limit of 5 microseconds and an upper limit 
of the order of 1000 microseconds or one-half the 
repetition period (depending on which is smaller). 

2. A variable repetition or recursion rate with a 
lower limit of 20 see and an upper limit of 3000 

3. Polarizing currents variable from 10~* through 
10— amp. 

4. Provisions for measuring potentials during per- 
iods as short as 5 microseconds at any known time 
after the interruption or initiation of the polarizing 
current, 

5. An accuracy for the potential measurements of 
5 mv for measurement periods as short as 5 micro- 
seconds. 

In terms of these provisions it is possible to es- 


tablish quantitatively the decay and build-up curves | 


for overvoltage. The present unit can be used to 
measure cathodic and anodic polarization. 

Fig. 1 shows a block diagram which indicates the 
functions of the various components of the appara- 
tus. The output from a multivibrator (shown in 
detail in Fig. 2) is differentiated and the resulting 
positive pulses deleted by means of a diode, while 
the remaining negative pulses are subsequently amp- 
lified (A). In turn, these pulses trigger a univibrator 
or one-shot multivibrator (U,) which produces ree- 
tangular pulses of controllable duration. After ade- 
quate amplification, the rectangular pulses are used 
to activate the current interruptor (1). The latter 
(Fig. 3) consists of a duo-triode, type G6N7 (V7) with 
the two sections connected in parallel. Higher polar- 
izing currents may be obtained by the introduction 
of one or more duo-triodes (6N7) in parallel with 
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V;) in Fig. 3. The electrolytic cell to be polarized 
placed in series with these triodes. The bias of 
he tubes is such that the triodes normally conduct 
d the current may be abruptly reduced to zero 
hen negative pulses are introduced in the grid cir- 
uit. The magnitude of the polarizing current is 
ontrolled by adjusting the filament current, and 
ence, the filament temperature of the duo-triodes. 
The same pulses which trigger the univ’brator (U,) 
also trigger a similar unit (Us) which serves effec- 
tively as a pulse delay stage. The rectangular pulses 
rom this univibrator (U2) are differentiated and the 
‘leading negative edges are deleted with a diode while 
the trailing positive pulses are used to trigger a third 
wnivibrator (U;). When the rectangular pulses pro- 
duced by univibrator (U:) are lengthened, the lead- 
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well beyond cutoff. With the introduction of a nega- 
tive pulse on the grids of the duo-triode (V;), this 
tube is cut off sharply and the bias on tubes (V,) and 
(V2) drops to a value at which the tubes conduct. 
If there is any potential difference between the grids 
of the tubes (V,) and (V:) when the tubes are con- 
ducting, an unbalanced condition results in the 
bridge and is registered as a sound in the earphones. 
The triodes (V,) and (V2) are carefully matched for 
linear performance over the range of grid potentials 
from —2.5 to 0 volts®. A biasing cell (B.C. in Fig. 3) 
has also been incorporated in the grid circuit to 
insure that the grid potential is in the linear range 
during the overvoltage measurements. The grid cir- 
cuits of both triodes, as well as the potentiometer, 
have been shielded in order to prevent stray pickup, 
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ma ing edge of each pulse remains fixed with respect 
to the trigger pulse while the trailing edge lags farther 
. behind. Hence, a variable delay time is involved in 
.| the triggering of univibrator (U3) relative to the 
is 4 triggering of univibrator (U,). The delay time is es- 
“ sentially equal to the pulse duration obtained with 
\univibrator Univibrator (U;) then produces 
rectangular pulses of variable duration which after 
"7 amplification are used to control the on-off action 
of the gated-bridge null detector. 
The null detector effectively serves as a galvanom- 
cog eter in the potential measurements and is used in 
conjunction with a Leeds & Northrup student-type 
. potentiometer (P in Fig. 3). The duo-triode 6N7 
, (V; in Fig. 3) with the two triodes in parallel is 
33} BOF mally conducting and biases the high-mu triodes 
6SF5 (V, and V, in Fig. 3) in the arms of the bridge 


= 
Pucse Lencty 


Fig. 1. Block diagram of apparatus for overvoltage measurements by the commutator method 


particularly 60 cycle. Due to the grid-to-plate capa- 
city of the duo-triode (V;) and the grid-to-cathode 
capacity of the duo-triode (V3), the two negative 
pulses applied at (A) and (B) appear differentiated 
at the plates of (V7) and at the cathode of the duo- 
triode (V;), respectively, owing to the relatively low 
resistance of the electrolytic cell and the low cathode 
resistance (R,) of (V;) in Fig. 3. The resulting nega- 
tive and positive ‘spikes’ at the beginning and the 


2 At the present time a modification of this circuit is 
being used which involves the introduction of a second po- 
tentiometer in place of the bias cell. By using this poten- 
tiometer in conjunction with a gated-bridge detector, it is 
possible to adjust the potential of the grids of each triode 
(V,) and (V2) always to the same potential with respect to 
ground; thus, the matching of the tube characteristics over 
a wide range of grid potentials is no longer a necessity. 
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end of each pulse influence the measurements of 
overvoltage, particularly at low current densities and 
at “zero’’ time. With the superposition, however, of 
the concurrent positive pulses which are obtained 
at the points (L) and (N) of the pulse generator 
(Fig. 2), on the plates. of (V7) and the cathode of 
(V;) (Fig. 3), respectively, nearly complete mutual 
cancellation of the resulting “spikes’’ is accomplished. 
The addition of the diode (Vx), as shown in Fig. 3, 
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potentiometer is balanced against a standard cell 
with an ordinary galvanometer. Following this, the 
grids of the tubes (V;) and (V2) are adjusted to the 
same potential with respect to ground and the gated- 
bridge null detector is balanced by means of the 
plate resistances in the other arms of the bridge 
(Fig. 3). The overvoltage is measured by connecting 
the polarized electrode and the reference electrode 
to the null detector and the potentiometer as shown 


R2 
R, 
Rs 
REG 
PWR 
Surecy 
p+ Rs | 
| 
Purse 
Input 
I H lJ 
| 
C3 ° 
110v AC | R, 7 
Fic. 3. Circuit diagram of current interruptor and gated-bridge null detector 
R; 500 ohms C; (dual) 20-20 microfarads (450 Vi, V2 6SF5 
Re, Rs, Rs 50,000 ohms volts) V3, Vz 6N7 
Rz, Ry, Re 100,000 ohms C; 0.000030 microfarad vari- Vs, Ve VR 150 
R; 200,000 ohms able condenser V, 6X5 
Ro 1,500 ohms Vs 6AL5 
Rio 1 megohm 
Ru 20 ohms Ys 0.000050 microfarad vari- 


Ci, C2, Ca, Cs 0.1 microfarads 

assures that the potential at the cathode of (V;) 
will never become less negative with respect to 
ground than a certain predetermined value. The 
plate voltage for the bridge circuit is obtained from 
a regulated power supply. Although an unregulated 
a-c source is used for the filaments, no appreciable 
drift of the balance has been observed. 


PERFORMANCE 


Three preliminary steps are involved in the meas- 
urement of overvoltage with this unit. First, the 


able condenser 


in Fig. 3. The time-average value for the polarizing 
current is measured with an ammeter (Fig. 3), while 
the instantaneous value is determined with the gated- 
bridge null detector by measuring the potential dif- 
ference across a resistance which is placed in series 
with the cell. 

In Fig. 4 and 5 are oscillograms obtained with the 
electronic commutator at a repetition rate of 1200 
sec! and an interruption period of 300 microseconds. 
Trace (A) in Fig. 4 represents the polarizing current 
with an average value of 30 ma. The narrow pulses, 
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superimposed on the trace, are the rectangular pulses 
which are used to activate the gated-bridge null 
detector and are approximately 5 microseconds wide 
and 250 microseconds delayed with respect to the 
interruption of the polarizing current. Trace (B) in 
Fig. 4 was obtained by connecting the cathode-ray 
oscillograph between a bright-platinum cathode and 
an anode. Anodic variations in terms of oxygen over- 
voltage have been rendered essentially negligible by 
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interruption of the current. The polarization as 
shown by trace (B) in Fig. 4 attains a constant value 
during the period when current is flowing. Trace (B) 
in Fig. 5, however, indicates that at lower current 
densities a longer ‘‘on’’ period and a shorter inter- 
ruption period are required for the polarization to 
reach a constant value. This can be accomplished 
with the present apparatus by lowering the fre- 
quency of the multivibrator (M in Fig. 1) or reducing 
the width of the pulses from the univibrator (U.), 
or both. 

In Fig. 6 typical values for the hydrogen over- 
voltage on smooth platinum at various times follow- 
ing the interruption of the polarizing current have 
been superimposed on the trace obtained with a 
DuMont cathode-ray oscillograph (model 304 TH) 
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Fic. 4. Oseillograms of the polarizing current (A) and *e 
the build-up and deeay curves of hydrogen overvoltage on a | 
a bright platinum cathode (B). Polarizing current, 30 ma; ~ 
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conditions between two ions for a ratio of activities ‘of 
these ions equal to unity. Cireled figures and letters refer 
to the corresponding equations in the text. 

(15) + 2e- = 2Agtt 3H.O 

E = 1401 — 0.1773 pH — 0.0591 log ay,++ 
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developed as part of a research program involving 
the application of ultrasonics to electrochemistry. 
The commutator method is particularly suited to 
the study of the rate of decay of overvoltage in the 
presence of ultrasonic radiations because small sym- 
metrical electrodes. (e.g.,-short, thin wires) with un- 
obstructed surfaces may be used. The measurement 
of hydrogen overvoltage both with and without ultra- 
sonics is in progress with this apparatus at the pres- 
ent time and results will be reported in the near 
future. 


SUMMARY 


An electronic commutator has been constructed 
with the following features: 

1. Variable current interruption periods with a 
lower limit of 5 microseconds and an upper limit of 
1000 microseconds or one-half the repetition period, 
whichever is smalle: 

2. A variable repeuition rate of 20 sec through 
3000 sec, 


Yan ‘corrode silver in neutral or acid Solution. 


11. P. Devanay, J. Electrochem. Soc., 97, 198, 205 (1950). 
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3. Polarizing currents continuously variable from 
10-* through 10~' amp. 

4. Provisions for measuring rapidly varying poten- 
tials during periods as short as 5 microseconds at 
any known time after the interruption or the initia- 
tion of the polarizing current, thus permitting a 
quantitative study of the decay as well as the 
build-up of cathodic or anodic polarization. 

5. An accuracy for the potential measurements 
within +5 mv. 


Any discussion of this paper will appear in a Discussion 
Section, to be published in the December 1951 issue of the 
JOURNAL. 
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Electronic Insirumentation for Overvoliage Measurements' 


Dimirrios SraicorouLos, ErRNest YEAGER, AND FRANK Hovorka 


Department of Chemistry, Western Reserve University, Cleveland, Ohio 


ABSTRACT 


Eleetronie instrumentation has been developed for the measurement. of overvoltage 
hy the commutator or indireet method. With this apparatus current may be interrupted 
for periods ranging in length from 5 microseconds through one-half the repetition rate 
for repetition rates from 20 sec~' through 3000 sec~!. Potential measurements may be 
made at any time while current is either off or on during periods as short as 5 micro- 
seconds. Typical accuracy of the potential measurements is + 5 mv for measurement 
periods of 5 microseconds duration at a repetition rate of 1000 sec™!. The potential 
measurements involve the use of a gated-bridge null detector in conjunction with an 


ordinary potentiometer. 


INTRODUCTION 


Two methods are available for overvoltage meas- 
urements (1): the direct method and the indirect or 
commutator method. With the direct method, the 
potential of the polarized electrode is measured 
against a reference electrode while current is flowing. 
‘To minimize any ohmic voltage drop in the measured 
potential, the tip (Luggin capillary) of the solution 
bridge connecting the compartment of the polarized 
electrode to that of the reference electrode is pressed 
against the surface of the polarized electrode. With 
the commutator method, measurements are made 
while the current is interrupted for a short period 
and a Luggin capillary is not necessary. 

In the past some controversy has existed concern- 
ing the reliability of the commutator method because 
of the difficulty in extrapolating the measured values 
back to the instant when the current is interrupted. 
In 1937, Hickling (2) constructed an electronic com- 
mutator with which measurements can be made with 
a precision of 10 mv at the end of interruption periods 
with a lower limit of 50 microseconds. Because of 
the rapid decay of hydrogen overvoltage on many 
metals during the first few microseconds, the extrapo- 
lation from 50 microseconds to zero time is difficult, 
particularly in view of a precision of 10 mv for each 
measurement. Results (3) obtained with this equip- 
ment, however, have been found to be in general 
agreement (20-30 mv) with the measurements of 
Bockris (4) who used the direct method. Since the 
errors associated with the two methods are expected 
to act in opposite directions, this has served to estab- 
lish confidence in both methods. 


' Manuscript received August 14, 1950. This paper pre- 
pared for delivery before the Cleveland Meeting, April 19 
to 22, 1950. The work reported herein has been partially 
supported by the Office of Naval Research under Contract 
No. N7 onr 47002, Project No. NR 051 162. 


DESIGN AND CONSTRUCTION 


In designing equipment for the measurement of 
overvoltage by the commutator method, the authors 
have attempted to incorporate the following features: 

1. An interruption period of variable length with 
a lower limit of 5 microseconds and an upper limit 
of the order of 1000 microseconds or one-half the 
repetition period (depending on which is smaller). 

2. A variable repetition or recursion rate with a 
lower limit of 20 see! and an upper limit of 3000 
sec, 

3. Polarizing currents variable from 10~* through 
10—' amp. 

4. Provisions for measuring potentials during per- 
iods as short as 5 microseconds at any known time 
after the interruption or initiation of the polarizing 
current. 

5. An accuracy for the potential measurements of 
5 mv for measurement periods as short as 5 micro- 
seconds. 

In terms of these provisions it is possible to es- 
tablish quantitatively the decay and build-up curves 
for overvoltage. The present unit can be used to 
measure cathodic and anodic polarization. 

Fig. 1 shows a block diagram which indicates the 
functions of the various components of the appara- 
tus. The output from a multivibrator (shown in 
detail in Fig. 2) is differentiated and the resulting 
positive pulses deleted by means of a diode, while 
the remaining negative pulses are subsequently amp- 
lified (A). In turn, these pulses trigger a univibrator 
or one-shot multivibrator (U,;) which produces ree- 
tangular pulses of controllable duration. After ade- 
quate amplification, the rectangular pulses are used 
to activate the current interruptor (1). The latter 
(Fig. 3) consists of a duo-triode, type 6N7 (Vz) with 
the two sections connected in parallel. Higher polar- 
izing currents may be obtained by the introduction 
of one or more duo-triodes (6N7) in parallel with 
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v4 (V;) in Fig. 3. The electrolytic cell to be polarized 
'"# is placed in series with these triodes. The bias of 
the tubes is such that the triodes normally conduct 

li) ond the current may be abruptly reduced to zero 
whep when negative pulses are introduced in the grid cir- 
a cuit. The magnitude of the polarizing current is 
controlled by adjusting the filament current, and 

f hence, the filament temperature of the duo-triodes. 
‘The same pulses which trigger the univibrator (U,) 
tls also trigger a similar unit (U.) which serves effec- 
tin tively as a pulse delay stage. The rectangular pulses 
this univibrator (U-) are differentiated and the 
_ leading negative edges are deleted with a diode while 
"| the trailing positive pulses are used to trigger a third 

* univibrator (U;). When the rectangular pulses pro- 
duced by univibrator are lengthened, the lead- 


the 


CO 


well beyond cutoff. With the introduction of a nega- 
tive pulse on the grids of the duo-triode (V3), this 
tube is cut off sharply and the bias on tubes (V;) and 
(V2) drops to a value at which the tubes conduct. 
If there is any potential difference between the grids 
of the tubes (V,) and (V2) when the tubes are con- 
ducting, an unbalanced condition results in the 
bridge and is registered as a sound in the earphones. 
The triodes (V;) and (V2) are carefully matched for 
linear performance over the range of grid potentials 
from —2.5 to 0 volts’. A biasing cell (B.C. in Fig. 3) 
has also been incorporated in the grid circuit to 
insure that the grid potential is in the linear range 
during the overvoltage measurements. The grid cir- 
cuits of both triodes, as well as the potentiometer, 
have been shielded in order to prevent stray pickup, 
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Fic. 1. Block diagram of apparatus for overvoltage measurements by the commutator method 
ing 


ing edge of each pulse remains fixed with respect 
ad to the trigger pulse while the trailing edge lags farther 
\ behind. Hence, a variable delay time is involved in 
. the triggering of univibrator (U,;) relative to the 
a triggering of univibrator (U,). The delay time is es- 
~, sentially equal to the pulse duration obtained with 
pe univibrator (U,). Univibrator (U;) then produces 
rectangular pulses of variable duration which after 
7 amplification are used to control the on-off action 
, of the gated-bridge null detector. 
The null detector effectively serves as a galvanom- 
a eter in the potential measurements and is used in 
conjunction with a Leeds & Northrup student-type 
. potentiometer (P in Fig. 3). The duo-triode 6N7 
,] (V; in Fig. 3) with the two triodes in parallel is 
és normally conducting and biases the high-mu triodes 
6SF5 (V; and V, in Fig. 3) in the arms of the bridge 


particularly 60 cycle. Due to the grid-to-plate capa- 
city of the duo-triode (V;) and the grid-to-cathode 
capacity of the duo-triode (V3), the two negative 
pulses applied at (A) and (B) appear differentiated 
at the plates of (Vz) and at the cathode of the duo- 
triode (V;), respectively, owing to the relatively low 
resistance of the electrolytic cell and the low cathode 
resistance (R,) of (V;) in Fig. 3. The resulting nega- 
tive and positive “spikes’’ at the beginning and the 


2 At the present time a modification of this circuit is 
being used which involves the introduction of a second po- 
tentiometer in place of the bias cell. By using this poten- 
tiometer in conjunction with a gated-bridge detector, it is 
possible to adjust the potential of the grids of each triode 
(V,) and (V2) always to the same potential with respect to 
ground; thus, the matching of the tube characteristics over 
a wide range of grid potentials is no longer a necessity. 
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end of each pulse influence the measurements of 
overvoltage, particularly at low current densities and 
at “zero’’ time. With the superposition, however, of 
the concurrent positive pulses which are obtained 
at the points (L) and (N) of the pulse generator 
(Fig. 2), on the plates of (Vz) and the cathode of 
(V;) (Fig. 3), respectively, nearly complete mutual 
cancellation of the resulting “spikes’’ is accomplished. 
The addition of the diode (Vs), as shown in Fig. 3, 


ELECTRONIC INSTRUMENTATION 71 


potentiometer is balanced against a standard cell 
with an ordinary galvanometer. Following this, the 
grids of the tubes (V;) and (V2) are adjusted to the 
same potential with respect to ground and the gated- 
bridge null detector is balanced by means of the 
plate resistances in the other arms of the bridge 
(Fig. 3). The overvoltage is measured by connecting 
the polarized electrode and the reference electrode 
to the null detector and the potentiometer as shown 
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Fic. 3. Cireuit diagram of current interruptor and gated-bridge null detector 


Ri 500 ohms C; (dual) 20-20 microfarads (450 Vi, V2 6SF5 
R2, Rs, Ra 50,000 ohms volts) V3, Vz 6N7 
Rs, Ra, Re 100,000 ohms C; 0.000030 microfarad vari- Vs, Ve VR 150 
R; 200,000 ohms able condenser V, 6X5 

Ro 1,500 ohms Vs 6AL5 
Rio 1 megohm 

Ru 20 ohms Cs 0.000050 microfarad vari- 


C2, Cy, Cs 0.1 microfarads 

assures that the potential at the cathode of (V3) 
will never become less negative with respect to 
ground than a certain predetermined value. The 
plate voltage for the bridge circuit is obtained from 
a regulated power supply. Although an unregulated 
a-c source is used for the filaments, no appreciable 
drift of the balance has been observed. 


PERFORMANCE 


Three preliminary steps are involved in the meas- 
urement of overvoltage with this unit. First, the 


able condenser 


in Fig. 3. The time-average value for the polarizing 
current is measured with an ammeter (Fig. 3), while 
the instantaneous value is determined with the gated- 
bridge null detector by measuring the potential dif- 
ference across a resistance which is placed in series 
with the cell. 

In Fig. 4 and 5 are oscillograms obtained with the 
electronic commutator at a repetition rate of 1200 
sec—' and an interruption period of 300 microseconds. 
Trace (A) in Fig. 4 represents the polarizing current 
with an average value of 30 ma. The narrow pulses, 
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superimposed on the trace, are the rectangular pulses 
which are used to activate the gated-bridge null 
detector and are approximately 5 microseconds wide 
and 250 microseconds delayed with respect to the 
interruption of the polarizing current. Trace (B) in 
Fig. 4 was obtained by connecting the cathode-ray 
oscillograph between a bright-platinum cathode and 
an anode. Anodic variations in terms of oxygen over- 
voltage have been rendered essentially negligible by 


Fic. 4. Oscillograms of the polarizing current (A) and 
the build-up and decay curves of hydrogen overvoltage on 
a bright platinum cathode (B). Polarizing current, 30 ma; 
repetition rate, 1200 “Current-off’’ period, 300 mi- 
croseconds. 


Fic. 5. Oscillograms of the polarizing current (A) and 
the build-up and decay curves of hydrogen overvoltage on 
a bright platinum cathode (B). Polarizing current, 0.7 ma; 
repetition rate, 1200 see”!. “‘Current-off”’ period, 300 mi- 
croseconds. 


the use of a large platinized-platinum anode (approxi- 
mately 100 times the apparent area of the cathode) 
with hydrogen gas bubbling through the anode com- 
partment. For the current trace (A) as well as the 
rectangular pulses used to activate the detector, the 
rise time is a fraction of a microsecond. The traces 
in Fig. 5 are analogous to those of Fig. 4 except that 
the average value for the polarizing current is 700 
microamp and the gated-bridge null detector is ac- 
tivated within a fraction of a microsecond after the 
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interruption of the current. The polarization as 
shown by trace (B) in Fig. 4 attains a constant value 
during the period when current is flowing. Trace (B) 
in Fig. 5, however, indicates that at lower current 
densities a longer ‘“‘on’’ period and a shorter inter- 
ruption period are required for the polarization to 
reach a constant value. This can be accomplished 
with the present apparatus by lowering the fre- 
quency of the multivibrator (M in Fig. 1) or reducing 
the width of the pulses from the univibrator (U2), 
or both. 

In Fig. 6 typical values for the hydrogen over- 
voltage on smooth platinum at various times follow- 
ing the interruption of the polarizing current have 
been superimposed on the trace obtained with a 
DuMont cathode-ray oscillograph (model 304 TH) 


-225 
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-165}+—— 
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Fic. 6. Deeay of hydrogen overvoltage on bright plati- 
num. Prepolarization, 2 hr; current density, 8 ma/em?; 
solution, 0.1N HCl. Trace from cathode-ray oscillograph 
compared with values obtained by the gated detector in 
conjunction with the potentiometer. 


during the same period. The agreement between the 
circled points representing the measured potentials 
and the continuous curve representing the oscillo- 
gram is generally indicative of an accuracy of the 
order of 5 mv or less. , 

In using the electronic commutator for the meas- 
urement of overvoltage, it is important that the 
internal resistance between the polarized hydrogen 
electrode and the anode, which is grounded, be low 
compared to the impedance of the measuring circuit. 
The latter is almost entirely capacitive and includes 
the capacity of the grid circuit to ground as a result 
of the shielding. In the present unit the input capa- 
city is approximately 100 micro-microfarads. For an 
internal resistance of less than 500 ohms, no appreci- 


able distortion of the decay or build-up curves for 


the polarization should result. 
The apparatus described in this paper has been 
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developed as part of a research program involving 
the application of ultrasonics to electrochemistry. 
The commutator method is particularly suited to 
the study of the rate of decay of overvoltage in the 
presence of ultrasonic radiations because small sym- 
metrical electrodes. (e.g., short, thin wires) with un- 
obstructed surfaces may be used. The measurement 
of hydrogen overvoltage both with and without ultra- 
sonics is in progress with this apparatus at the pres- 
ent time and results will be reported in the near 
future. 


SUMMARY 


An electronic commutator has been constructed 
with the following features: 

1. Variable current interruption periods with a 
lower limit of 5 microseconds and an upper limit of 
1000 microseconds or one-half the repetition period, 
whichever is smaller. 

2. A variable repetition rate of 20 sec~' through 
3000 
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3. Polarizing currents continuously variable from 
10-* through amp. 

4. Provisions for measuring rapidly varying poten- 
tials during periods as short as 5 microseconds at 
any known time after the interruption or the initia- 
tion of the polarizing current, thus permitting a 
quantitative study of the decay as well as the 
build-up of cathodic or anodic polarization. 

5. An accuracy for the potential measurements 
within +5 mv. 


Any discussion of this paper will appear in a Discussion 
Section, to be published in the December 1951 issue of the 
JOURNAL. 
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Luminescence of K MnCl, and KCl (Pb + Mn)' 


Ropert J. GINTHER 


Crystal Branch, Metallurgy Division, Naval Research Laboratory, Washington, D. C. 


ABSTRACT 


Excitation and emission spectra of KyMnCl, and KCI (Pb + Mn) are reported. A 
method for the preparation of K,MnCl, from solution at room temperature is described. 
Lead and thallium are shown to produce sensitized luminescence in this phosphor. 


INTRODUCTION 


In the course of an investigation of the sensitized 
luminescence of the alkali halide phosphors, it was 
found that no manganese-activated luminescent po- 
tassium chloride phase could be prepared by the 
method used by Schulman, et al., (1) for sodium 
chloride. This method employed precipitation from 
a mixed solution of potassium, lead, and manganous 
chloride with concentrated hydrochloric acid. The 
only visibly luminescent phase obtained from the 
above solution proved to be KyiMnCk. 

Preparation of this compound from solution at 
elevated temperatures (2) and by solid phase reaction 
(3) has been reported, and it is found in nature as 
the mineral chloromanganokalite. Its structure has 
been determined by Bellanca (4). However, neither 
its luminescent properties nor a method for its prep- 
aration from solution at room temperature have been 
described. 


PROCEDURE AND RESULTS 
Preparation 


To prepare the phosphor from solution, 250 ml of 
concentrated hydrochloric acid were added to 100 
ml of a solution of potassium and manganous chlo- 
rides. Lead or thallium was introduced into the phos- 
phor by adding PbCl, or TICI to the salt solution 
before precipitation. The optimum potassium and 
manganese concentrations in solution were found to 
be dependent upon the lead concentration. The 
optimum manganese content of a solution of 0.117 g 
KCl per ml and up to 0.030 g PbCl, per ml was found 
to be 0.350 g MnCl.-4H.O per ml. For solutions of 
the same KCl concentration, but containing from 
0.075 to 0.225 g PbCl, per ml, the optimum MnCl, - 
tH.O concentration was 0.250 g per ml. The effect 
of either raising the potassium or lowering the man- 
ganese concentration from the optimum is to con- 
taminate the product with KCl. Increasing the man- 
ganese concentration causes the precipitate to be 


' Manuscript received July 31, 1950. This paper prepared 
for delivery before the Washington Meeting, April 8 to 12, 
1951. 


diluted with a nonluminescent manganese-bearing 
phase, while decreasing the KCl concentration se- 
riously reduces the yield. 

To prepare K;MnCl, by solid phase reaction, 
stoichiometric quantities of KCl and MnCl, with 
or without lead or thallium, were melted together 
in either an HCl atmosphere or in vacuo and then 
annealed below 430°C. 

KCI(Pb + Mn) phosphor has been prepared pre- 
viously by melt techniques (5, 6), but no detailed 
information as to its luminescent properties is avail- 
able. In order to compare its properties with those 
of KsMnCly a series of compositions were prepared 
by melting together the component halides in HC! 
atmosphere or in vacuo. 

A luminescent combination of KCl, MnCl.-4H,0, 
and PbCl, can be prepared by simply grinding these 
materials together in a mortar. The concentrations 
of the components are not at all critical, but for 
rapid reaction large quantities of lead should be 
used. Thallium cannot be substituted for lead in 
this process. 


Identification and Analysis 


Phase identification was based upon microscopic 
and x-ray examination. Lead, thallium, and man- 
ganese were determined polarographically. 

The most efficient and homogeneous phosphors 
were those prepared by precipitation. Even the most 
uniform samples contained traces of free KCl and 
of an unidentified manganese-containing phase. How- 
ever, all of the precipitated samples selected for op- 
tical testing were essentially K,MnCls, and their 
compositions ranged only from 3.9-4.2 moles of KC 
per mole of MnCl,. The lead contents were found to 
be low: about one hundredth of the lead content of 
KCl precipitated from solution of the same lead 
concentration but of a manganese concentration 
which permitted the precipitation of only KCI. This 
is shown in Table I where the lead and manganese 
contents of a series of precipitates are tabulated. 
Table II gives the lead contents of several prepara- 
tions all of which were essentially KyMnClg. 

It is seen that the lead content of the precipitate 
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does not vary continuously with the lead content of 
the solution. This is not believed to be significant 
for two reasons: (a) the height of the lead excitation 
band was found to be dependent upon the lead con- 
centration of the solution not upon the lead concen- 
tration in the precipitate; (b) all samples contain 
small amounts of KCl as a separate phase. It was 
shown in Table I that the Pb/K ratio can be ex- 
pected to be nearly seventy times greater in the 
KCI phase than in the KyMnCl, composition pro- 
duced from solutions of the same lead concentra- 
tion. The lead content of the K,MnCl, precipitate 
will, therefore, be greatly influenced by the amount 
of free KCI present along with it. For instance, ac- 
cording to the data of Table I the Pb/K ratio of 
KCl precipitated from a solution of 0.001 g PbCl, 
per ml is about 8.0 X 10~* while the Pb/K ratio of 
K,MnCl, produced from a solution of the same lead 
concentration is only 1.1 & 10~-*. If the KyMnCl, con- 
tained one per cent of free KCI] of Pb/K ratio of 
8.0 x 10 * this free KC] would provide over seventy 
per cent of the lead found in the sample. For these 
reasons it is believed that the lead analysis, although 
precise, gives only a value which the real lead con- 
tent of the luminescent phase does not exceed. 

The precipitated phosphors containing thallium 
were less uniform and efficient than the lead-bearing 
precipitates. From solutions of from 3.0 & 10~° to 
2.25 & 10°-* g Tl per ml phosphors were precipitated 
which contained from 2.0 10° to 4.1 
mole thallium per mole of potassium. The interpre- 
tation of the thallium analyses is subject to the 
same restriction mentioned for the lead analyses. 

Dry produced inefficient phosphors. 
KyMnCl, could always be identified as a major 
component in samples prepared from KCl and MnCl, 
in the 4-1 ratio, but a large excess of KCI] and an- 


reaction 


other manganese-bearing phase were always present. 
KC] (Pb + Mn) and KCI (Tl + Mn) phosphors 
consisted of a single phase, but were very inefficient. 
Lead and thallium both volatilize at the melting 
point of KCI, so that the lead or thallium concen- 
tration of phosphors prepared by this technique will 
be lower than the concentration added to the melt. 
The samples prepared by dry reaction were not of 
sufficient interest to warrant their analysis because 
of the poor efficiency of the KCI phosphor and the 
lack of homogeneity of the K,;MnCl, composition. 

The identity of the phosphor prepared by grind- 
ing together KCl, MnCl-4H.O, and PbCl, remains 
obscure. It could not be identified microscopically 
or by x-ray methods because of the large excess of 
the reactants. Its luminescence properties resemble 
those of KCl (Pb + Mn) rather than those of 
KyMnCl,. 
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Luminescence Emission 


The emission spectra were determined with an 
automatic recording spectroradiometer. Three differ- 
ent sources of excitation were used. A ‘“Mineralite”’ 
lamp with Corning * 9863 filter was used as a source 
of 2537 A while a CH-4 type mercury lamp with 
Corning #5860 filter provided 3650 A radiation. To 
obtain a strong source of radiation between these 
wavelengths, the quartz burner was removed from 
a CH-4 lamp and sealed into a fused silica envelope 
with one third of an atmosphere of argon. This 
lamp, when used with a Corning #9863 filter, is an 
excellent source of excitation in the region 2700- 
3000 A. It made possible the measurement of the 
spectral distribution of emission of the KC] (Pb + 


TABLE I. ACI concentration 0.117 g/ml; PbCl, 
concentration 0.001 g/ml 


Conc. Pb in 


Mole ratio 
precipitate 


Conc. Mn in 
Pb/K in i 


Conc. Phase 
MnCle-4H20 precipitate 


(2/ml) (mole precipitate (mole produced 
0.000 0.74 7.4 X 10°73 <0.01 KCl 
0.005 | 0.74 7.4X <0.01 KCl 
0.035 0.80 8.0 XK 10°43 <0.01 KCl 
0.250 0.045 19.1 KyMnCl 
and KCI 
TABLE Il. ACI concentration 0.117 g/ml 
Cone. PbCl: Cone. Pb in Mole ratio Pb/K 
(g/ml) (g/ml) ) in precipitate 
0.350 0.00000 <0.0038 
0.350 0.00003 0.02 xh 
0.350 0.00015 0.06 1.5 X 10-4 
0.350 0.000380 0.01 2.5 X 
0.250 0.00075 0.12 104 
0). 250 0.00150 0.079 2 
0.250 0.00225 0.094 2.4 X 10-4 


Mn) phosphors which could not be determined with 
either 2537A or 3650 A radiation. It also provided 
a source for the excitation of K,MnCl(Pb) in the 
lead excitation band at 2900 A. 

The emission spectra are shown in Fig. 1. All the 
precipitated samples gave the same emission in the 
wavelength range 5000-7000 A. Using all three types 
of excitation, the same 6000 A-6100 A peaked band 
was obtained. In addition, ultraviolet emission from 
both the lead- and thallium-bearing phosphors was 
observed under the shorter wavelength excitation 
sources, but not under 3650 A. Since at least some 
part of this ultraviolet emission is certainly from the 
lead or thallium-activated KCl phase present, there 
seems to be no justification for attributing any ul- 
traviolet emission to the KyMnCl, phase without 
further evidence. This phase of the investigation 
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was not of sufficient interest to warrant further 
study. 

Of the KCI (Pb + Mn) phosphors, only those of 
about 0.01 mole per cent Pb and 0.20 mole per cent 
Mn were bright enough to permit the determination 
of their emission spectra. The peak for this phos- 
phor was found to be at 6300 A. Lower manganese 
concentrations gave very dim phosphors, while the 
excitation data indicated the presence of K,MnCl, 
jn preparations in which the manganese concentra- 
tion was increased to only 2.0 mole per cent. 
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Beckman quartz monochromator. A Corning * 2424 
filter was used between the sample and phototube 
to separate the orange-red manganese emission from 
any ultraviolet emission or reflected light from the 
sample. Correction to equal energy of excitation was 
not made, but adequate precautions were taken to 
assure that all the observed peaks were real. 

The excitation spectrum of the precipitated sample 
containing neither lead nor thallium is shown in Fig, 
2. It consists of nine distinct peaks between 2200 A 
and 5600 A. Since the spectrum of the hydrogen 
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Fic. 2. Excitation spectrum of K,MnCl, 


The K,MnCl, composition prepared from the 
melt has essentially the same emission spectrum as 
that of the precipitated phosphor. A minor shift to 
longer wavelengths is evident, as might be expected 
from the Pb + Mn activation of the relatively large 
amount of free KCl known to be associated with it. 

The emission of the phosphor prepared by grind- 
ing together KC], MnCl.-4H.O, and PbCl, resembles 
that of KC] (Pb + Mn). 


Excitation Spectra 


The excitation spectra were measured in the usual 
manner, using a Beckman hydrogen lamp, and a 


discharge lamp was known to contain lines at wave- 
lengths longer than about 3500 A, it remained to 
prove that none of the observed peaks were due to 
structure in the hydrogen discharge. The results ob- 
tained by replacing the hydrogen lamp with a tung- 
sten lamp are reproduced in the same figure. Two 
curves are shown. One, using the same amplifier 
sensitivity used with the hydrogen lamp, clearly re- 
solves the visible bands. The second curve, for which 
a tenfold greater amplifier sensitivity was used, re- 
produces the peaks in the blue and near ultraviolet. 
Blank runs at both sensitivities in which the sample 
was replaced by a plaque of MgCO; smoked with 
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MgO proved that neither transmission nor fluores- 
cence of the filter was introducing any spurious re- 
sults. 

The excitation spectra of some precipitates con- 
taining lead are shown in Fig. 3. As little as 3 & 107° 
g PbCl, per ml, in the solution from which the phos- 
phor was precipitated, produces a new excitation 
peak at about 2900 A. The height of this peak rises 
continuously with increasing lead concentration of 
solution. The curves in this figure are plotted out to 
only 4000 A, but all the precipitated samples had all 
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The possiblity that the 2730 A peak might be due 
to lead impurity (which seems to be present in all 
available KCl), and that the peak position is con- 
centration dependent, or that any of the short wave 
peaks are due to impurities, was quickly disproved. 
A sample was prepared from specially purified ma- 
terials? without addition of lead. Its excitation spec- 
trum coritained the same nine peaks with the same 
relative heights as found previously. 

Fig. 4 gives the excitation spectra of the precipi- 
tated KyMnCl, containing thallium. Two new peaks 
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Fig. 3. Excitation spectra of precipitated KyMnCl.(Pb) 
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Fig. 4. Excitation spectra of precipitated K,MnCl,(T]) 


six peaks at wavelengths longer than 3200 A, and 
the relative heights of these six peaks were the same 
in all samples. The curves were plotted by setting 
the peak height at 3340 A equal in all samples where- 
upon the heights of all the peaks at longer wave- 
lengths coincided. There is a real change in the rela- 
tive heights of the three short wavelength peaks 
upon the addition of lead. The increased height of 
the 2500 A and 2630 A peaks could be attributed to 
their superposition upon the tail of the lead peak, 
but superposition could not be made to account for 
the reduction in the 2730 A peak which was coin- 
cident with the first appearance of the 2900 A peak. 


one at about 2450 A and one at 2700 A, are found. 
Again the spectra are shown only out to 4000 A, 
but the excitation spectra of all the precipitated 
samples were identical both as to position and rela- 
tive height of peak at wavelengths greater than 
3200 A. 


? MnCl, was purified by partial precipitation of the car- 
bonate. Impurities were extracted from KCl with dithizone. 
The efficacy of the latter procedure in removing lead is best 
indicated by the absence of any ultraviolet luminescence in 
the purified KC! under 2730 A excitation. This test is sensi- 
tive to much less lead than can be detected spectrograph- 
ically in our laboratory. Our lower limit for spectrographic 
detection of lead in KCl is about half a part per million. 


K 
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To determine whether the position of the lead ex- 
citation peak is in any way concentration dependent, a 
series of samples of KyMnCl, composition with in- 
creasing lead concentration was prepared by solid 
phase reaction. The excitation spectra of these phos- 
phors are shown in Fig. 5. It is seen that the lead 
peak remained at about 2900 A for the range of lead 
additions from 5 X 10-4 to 0.5 mole per cent. 
Most of the phosphors of this series were too in- 
efficient to permit the use of the 0.5-mm slit width 
needed to clearly resolve all the peaks. However, 
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per cent causes only the growth of this same band, 
It seems logical to conclude, therefore, that the 2750 
band in the sample to which no lead was added is 
due to lead impurity in the KCl. This is in accord 
with the observations made upon the ultraviolet 
luminescence of the KC] raw material as described 
previously. New excitation peaks appear with lead 
additions of 0.05 mole per cent and higher, but little 
attention was paid to these samples except to ob 
serve that their excitation spectra resembled that o 
the phosphor prepared by grinding together KC 
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Fic. 5. Exeitation spectra of K,;MnCl,(Pb) prepared from melts 


evidence that the long wave ultraviolet peaks are 
present is unmistakable. The samples were not uni- 
form and were difficult to reproduce from the view- 
point of emission efficiency. Hence it is apparent 
that any lead analysis or attempt to determine the 
true solubility of lead by x-ray diffraction methods 
would be impractical. 

The KCI(Pb + Mn) phosphors were very ineffi- 
cient, but their excitation spectra provide some in- 
teresting data. Fig. 6 represents the 
tra of a series of KCI (0.20 mole % 
with increasing additions of lead. 
which no lead was added has a very 
peaked at 2750 A. Addition of lead 


excitation spec- 
Mn) phosphors 
The sample to 
weak excitation 
up to 0.01 mole 


MnCl,-4H2O, and PbCl.. Neither the latter material 
nor any of the melts of low manganese content had 
any of the characteristic excitation peaks of K,MnC\ 
in the long wave ultraviolet or visible region. 

The excitation spectra of a series of KCI (0.01 
mole per cent Pb) phosphors with increasing man- 
ganese concentration are shown in Fig. 7. Again the 
0.5-mm slit width could not be used, but in some 
of the samples the characteristic peaks of K,MnC] 
are easily distinguishable although unresolved. The 
long wavelength peaks are apparent in the record of 
the sample containing only 10.0 mole per cent Mn 
and to a less extent in that of the 5.0 mole per cent 
sample. The 2900 A peak is evident as a broadening 
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Fic. 7. Excitation spectra of KC] (Pb + Mn) 
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of the excitation curve of the 2.0 mole per cent 
sample. It is clearly resolved in the 5.0 mole per 
cent sample. The fact that this peak is due to 
KyMnCl, is readily seen by its progressive increase 
in height to a maximum upon increasing the man- 
ganese concentration to 20.0 mole per cent. Further 
increase in manganese reduces the efficiency of the 
phosphor without introducing any new excitation 
peaks. At 50 mole per cent manganese, the composi- 
tion of the compound KMnCl;, only a very weak 
excitation at 2900 A is observed. This small peak is 
very likely due to the presence of a small amount of 
KyMnCl, and it may be concluded that KMnC};, is 
not excited in the wavelength range 2200-5600 A at 
room temperature. 

The excitation spectrum of the phosphor prepared 
by grinding together KCI], MnCl.-4H.O, and PbCl. 
is also shown in Fig. 6. Its excitation spectrum re- 
sembles that of the high lead-containing samples of 
KCI (0.20 mole Mn). 


TABLE III 
| 


Excitation 


Sample wavelength 
(Zn, Be )SiO, (Mn) 2500 100 
K,MnCl, (Pb) ppt. 2900 60.7 
K,yMnCl, (TI) ppt. 2450 56.9 
K,MnCl, ppt. 2720 17.5 
K,MnCl, (Pb) melt 2900 12.2 
KCI (Pb + Mn) 2730 5.8 


The relative efficiencies of several preparations 
under equal energy of excitation at the optimum 
excitation wavelength for each phosphor are shown 
in Table III. 

DiscUSSION 

It is obvious that the luminescence emission of 
KyMnCl, is similar to that of many manganese-ac- 
tivated compounds. The familiar 6000 A-6100 A 
peak is typical of this class of phosphors. The emis- 
sion of KCI(Pb + Mn) is similar, but the displace- 
ment of the peak renders the two phosphors easily 
distinguishable by their emission spectra. The lu- 
minescence emission of manganese-activated alkali 
halides has not been discussed in terms of the co- 
ordination hypothesis as proposed for oxygen-bear- 
ing systems by Linwood and Weyl (7) and by Schul- 
man (8). However, it has been observed that in 
alkali chlorides the six- (1) or eightfold (9) coor- 
dinated manganese emits an orange to red band. 
Without consideration of the question of whether 
coordination with chlorine should be analogous to 
coordination with oxygen, one might expect from 
the hypothesis that the coordination of manganese in 
KyMnCl, should be similar to its coordination in 
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the alkali chlorides. The work of Bellanca reveals 
that such is the case. Manganese is sixfold coor. 
dinated with chlorine as shown in the schematic rep. 
resentation of the structure in Fig. 8. The structure 
is very nearly cubic with three equal axes at an 
angle of 89° 32’ from each other. Manganese lies at 
the centers of alternate cubes whose eight corners 
are potassium ions. Chloride ions are at the faces 
of the cubes. The structure provides very nearly the 
same environment for all of the ions as might be 
found upon the orderly replacement of one third of 
the potassium ions in a potassium chloride crystal 
by an equivalent number of manganous ions and 
positive ion vacancies, if it were possible to retain 
the potassium chloride structure under such condi- 
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Fic. 8. Structure of KiMnCl, 


tions. The coordination of both potassium and man- 

anese with chlorine is sixfold in both structures. 
Chloride ions in Ky,MnCl, are surrounded by four 
potassium ions and one manganous ion. The same 
chloride environment would be expected in the con- 
jectured potassium chloride structure. 

From the excitation curves it may be seen that 
K,MnCl, is not excited in the wavelength range 
2800-3200 A in the absence of lead or thallium. Lead 
introduces a strong excitation peak in this region. 
Since the same emission spectrum is obtained upon 
excitation in the lead band as is produced by excita- 
tion in the KsMnC}, bands, the system must be one 
of sensitized luminescence when excitation occurs in 
the band introduced by lead. Excitation of lead- 
bearing preparations between 2200-2800 A is seen 
to occur in a superposition of the characteristic 
KyMnCl, bands upon the broad lead band. Lumi- 
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nescence excited in this region is, therefore, only 
partially due to a sensitized process since absorption 
occurs in both the sensitizer and the manganese ion. 
Excitation at wavelengths longer than 3200 A re- 
sults from absorption in the manganese ion and no 
sensitized process is involved. 

Thallium does not introduce an excitation peak 
in a region where excitation of K,MnCl, does not 
occur in its absence. However, it is seen that thal- 
lium provides two excitation peaks which greatly 
increase the excitation in the region 2200-2900 A. 
Excitation in this range is, therefore, partially due 
to sensitization. 

Manganese-activated potassium chloride phos- 
phors were not studied very extensively in this in- 
vestigation, but enough information was obtained 
to ascertain that the presence of a sensitizer is neces- 
sary to produce luminescence under ultraviolet ex- 
citation in the wavelength range 2200-4000 A. The 
excitation curves of Fig. 6 show only a weak excita- 
tion of KCI(Mn) in this range. The excitation peak 
position is identical with the one produced by the 
introduction of lead and is increased by increasing 
lead concentration. The 2750 A peak found in the 
absence of lead additions can be correlated with lead 
impurity in the KCl. The photoluminescence ob- 
served in this phosphor can, therefore, be entirely 
attributed to a sensitized process. 

Neither of the two systems studied seems to be 
well adapted to providing fundamental information 
concerning the process of sensitized luminescence. 
The KCl-type phosphors are too inefficient to permit 
either the accurate optical measurements needed for 
such a study, or any justifiable conclusions from 
such measurements. The K,MnCl, is complex and 
difficult to obtain as a completely homogeneous ma- 
terial. The presence of lead or thallium in the free 
KCl which accompanies this phosphor is a serious 
complication. Moreover, whether lead and thallium 
substitute for potassium or for manganese in 


K,MnCl, seems to be an open question. One might 
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expect that thallium, resembling potassium more 
than manganese in both ion size and valence, would 
substitute for an alkali ion. Lead, however, although 
very similar to potassium in ionic radius, is divalent. 
The author is inclined to believe that both thallium 
and lead substitute for potassium but no proof can 
be offered. However, the excitation spectrum of the 
K,MnCl, phosphor contains a number of quite dis- 
tinct peaks which may offer a clue to the nature of 
the electronic levels of the manganese taking part 
in the luminescence process. It is likely that further 
investigation of this compound would most. profit- 
ably be made along these lines. 
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Any discussion of this paper will appear in a Discussion 
Section, to be published in the December 1951 issue of the 
JOURNAL. 
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